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Oilfield produced water treatment with 
electrocoagulation 
Abstract 
Produced water is the largest waste product by volume in the oil industry and its 
treatment in onshore or offshore fields poses bigger and different challenges than 
what water engineers are used to encounter. Process to achieve reuse quality of this 
water is very expensive with many technical hurdles to overcome making the 
optimization of the treatment steps necessary.  
Electrocoagulation (EC) generates coagulants in-situ responsible for destabilizing 
oil droplets, suspended particles, and common pollutant in produced water. 
Furthermore, EC is a very efficient technology compared with traditional primary 
treatments used in the oil & gas industry and has several advantages such as: no 
hazardous chemical handling (which diminishes the risk of accident and logistic 
costs), high efficiency potential concerning boron removal, potential small footprint 
and less sludge generation.  
In this research, the treatment of produced water using EC was investigated in a 
practical manner for the oilfield to aim for a cleaner effluent for further processing 
and help to achieve a reuse quality. For this, an EC cell was designed using different 
parameters normally used in the literature to fit this scenario. After preliminary 
tests, the treatment time was set to 3 seconds. Response surface method (RSM) was 
employed to optimize the operating conditions for TOC removal on a broad quality 
of synthetic produced water while varying: salinity, initial oil concentration and 
initial pH.  TOC was chosen to be the main response because of its importance in 
legislation and sensibility on the method.  
Furthermore, turbidity removal, change of pH value after EC in water with lack of 
buffer capacity, aluminum concentration and preliminary tests involving boron 
removal and influence of hydrogen carbonate were also studied. Real produced 
water was treated with EC to assess the optimum conditions obtained by the RSM 
showing the results were closely related. Finally, an estimation of volume required 
 vi 
 
and operating cost for EC in the different types of produced water was made to 
assess how realistic it is for onshore and offshore applications. 
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1. Introduction  
Modern society is still very dependent on the production of crude oil which provides 
resources for many industries and still a driver force for socio-economic 
development. However, behind the ever increasing volumes of oil being produced, 
the industry will also inevitably generate larger volume of waste. Produced water is 
the biggest waste of the oil industry and its volume continuously increases through 
the years. 
Produced water is the aqueous phase that coexists and is extracted together with oil 
and/or gas during hydrocarbon production. The quality and the quantity of water 
produced will depend on various factors, including the type of hydrocarbons, the 
geochemical makeup of the reservoir, how the wellbore was completed, how the 
production is conducted, or any intervention made on the formation such as: 
hydraulic fracturing (fracking) or flooding operations. 
The activities involving the production sites are commonly referred to as 
“upstream”, meaning all tasks related to the hydrocarbon extraction and prior to its 
transportation to a refinery. The management of upstream produced water is much 
more complex than the normal activities performed in those usual water treatment 
plants and the technology applied to this influent must be compatible to this 
scenario. This scenario includes remote onshore locations, meaning hours of driving 
to obtain resources or disposal, or offshore locations with hours or days of 
navigation time after the loading time on a port, including the associative cost of 
these logistics difficulties. Another important point, especially for offshore facilities, 
is the very limited space available on the production platform which implies a 
requirement of very short treatment time for the produced water. Furthermore, the 
safety of the process is a prerequisite for upstream processes and there is a higher 
risk of accidents because its often explosive atmosphere, heavy goods in movement, 
and not a large space to stand completely clear of these risks. Thus, the technology 
for upstream is more realistic if there is less waste generation, less hazardous 
chemicals handling, and very short treatment time.   
The volume of water produced worldwide by the oil and gas industry is not 
accurately estimated, and how much each location needs to handle can dramatically 
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change by region. It is not even uncommon for adjacent wells in the same production 
field to have different produced water volumes. Part of the reason for the inability 
to obtain accurate volume estimates is that production reports are not always 
readily available to the public. Some estimates of the ratio comparing the volume of 
water to volume of oil produced can range from 1:1, as in United Arabic Emirates in 
the past, and go up to 11:1, as in more mature fields as those found in Canada 
(Williams and Simmons, 2013). In a 2012 report involving the world’s largest oil 
producing companies, the volume of produced water was estimates 1.5 times 
greater than the volume of oil produced. (IOGP, 2013). 
The composition of this water varies widely and its change can be observed through 
time in the same production location. However, produced water contains anywhere 
from moderate to much higher dissolved solids than water bodies and oceans in 
addition to the presence of oil and microorganisms. This makes for a more complex 
matrix than usual for water engineers and its management presents much greater 
treatment difficulties.  
The most common steps for its treatment are after the main separator, where the 
hydrocarbons will be extracted, the aqueous phase will be destined to a 
hydrocyclone and/or a flotation unit.  The treated effluent will then be discharged 
into a water body in compliance with local regulations, or injected into a disposal 
well, or further processed to achieve some reuse quality. Two of the most common 
practices are to discharge this treated water into oceans, with regulations requiring 
usually only an oil concentration ranging from 15 to 50 mg/L, or to inject it into 
disposal well. These last practices mentioned have an increasing disadvantage, not 
only for the possible environment impact, but also for the transportation cost 
becoming prohibitive and a decrease in disposal well permissions.  
Within the oil industry, where produced water is perceived usually as unwanted 
cost, there is nonetheless a driving force pushing the industry to improve its 
treatment. The regulations in some countries are pushing toward Zero Liquid 
Discharge (ZLD) or a growing worry about impacts to the environment and human 
health. Furthermore, the water shortages at some operation sites, like deserts and 
in drought areas such as the western US, has created restrictions to industrial 
 3 
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freshwater capitation. Moreover, the cost of water transportation, especially to the 
shale activities, has become prohibitive and expensive solutions for produced water 
reuse are becoming now more economically viable. 
Once one major production region implements more rigid legislation, like the North 
Sea or Canada, it is expected that this practice will spread to other countries and 
regions. All of these scenarios push the industry to adapt more economically viable 
technologies and as such will overcome the increasing water acquisition and 
transportation cost, water scarcity, and diminish/optimize the high cost of more 
advanced treatments in the oil industry. 
The complexity of this water and operations poses an unusual technical and 
economic challenge for a treatment chain to be developed enough to achieve reuse 
quality, making desalination technologies not widely used for produced water. This 
is because the overall cost and technical challenges for produced water is much 
higher than for other types of effluents. Before the desalting units, produced water 
would have to be treated to diminish considerable oil content or divalent cations. 
The use of membrane filtration prior to a reverse osmosis and evaporative 
technology would be advantageous in a treatment process, but the membranes 
usually suffer irreversible organic fouling with produced water or have its flux 
impaired. A major drawback on micro or nanofiltration utilization is an efficient and 
realistic pretreatment for de-oiling in an upstream scenario (Alzahrani et al., 2014; 
Hailemariam et al., 2014). The optimization in cost and operationing conditions on 
de-oiling, membrane filtration, and desalting units are essential for the 
implementation of more reuse practices for produced water. Thus higher efficiency 
in de-oiling and realistic technologies for the upstream scenario are essential to 
overcome the economic and technical challenges for reusing produced water. 
Electrocoagulation (EC) is an existing technology that has been applied to water 
treatment for a very long time, but in recent decades has been rediscovered with 
increasing interest in its potential. EC presents some advantages such as: low energy 
requirements, less sludge generated, and less dependence on chemical reagents for 
the sometimes higher impurities abatement when compared with a traditional 
coagulants process (Jiang et al., 2002; Mamelkina et al., 2017). These characteristics 
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impact greatly the water treatment costs in the upstream reality for produced water, 
where there are logistics difficulties and subsequent costs associated. Moreover, EC 
can be also more cost effective than chemical treatment (Fedotov et al., 2013 and 
Kobya et al., 2015). EC gives a buffer effect on water and this avoids a dosage, 
handling, storage and transport of hazardous chemicals on the field.   
Moreover, many researchers who have studied EC have failed to achieve 
operationing conditions capable to be used in the oilfield with several minutes up to 
hours as the electrolysis time. Realistic operationing conditions in this work were 
strongly pursued and this is defined as necessary as to use little time of treatment 
as possible (under 10 seconds), high efficiency in deoiling (>75%) and estimated 
cost comparable with what is practiced today by the industry. 
Regions using intense hydraulic fracturing need an abundance of water and it would 
be beneficial if produced water is reused for such purpose. In this case, if the oil 
concentration and boron concentration are reduced it would allow more reuse of 
such effluent. Hydraulic fracturing fluids need considerable high viscosity to 
suspend proppants particles which are responsible to maintain high permeability 
after the stimulation of the reservoir. Cross-linked polymers are added to enable the 
suspension and high viscosity of the fluid, but boron can increase the linkage on the 
polymeric chain much farther from the optimum. Thus, high boron concentration in 
produced water can hinder the reuse of it in the hydraulic fluids when cross-linked 
gel is used.   
Furthermore, the reduction of boron concentration is usually expensive and even 
reverse osmosis presents a high permeability to this compound. Previous studies 
have demonstrated EC is able to reduce boron concentration, but it is usually at very 
high dosage of aluminum and electrolysis time. Thus, if realistic parameters are set 
for EC and boron is diminished this increases the value of this technology for 
produced water. 
In this work an innovative process for designing an EC cell was pursued to fit 
realistic operationing conditions for produced water treatment in onshore/offshore 
scenarios. The wide range of dissolved salts existing in produced water makes 
impractical to create a single model containing water matrix as variable to achieve 
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a global optimization. Thus, an optimization was made using response surface 
methodology (RSM) for EC on synthetic produced water for different salinities, 
named low; median, and high salinities. Once the optimum in organic removal was 
detected, cost and volume estimates were calculated to assess how realistic were 
the operating conditions presented here for oilfield produced water. Furthermore, 
while aiming for the reuse of produced water and further processing, a 
complementary study was made on boron removal, residual aluminum, and pH 
value change after EC. 
In the view of the author any research applied to produced water should focus on 
generating better water quality than today’s practices with realistic operating 
conditions. For this reason, the present investigation aims at: 
1) Find out how it should be operated and how realistic it is as solution for the 
oilfield in a broader range of water quality 
2) In order to have cleaner treated produced water for further processing and 
help to achieve a reuse of it. 
And for such the scientific aims to answer these questions posed are stated as 
following: 
 using an innovative process for designing an EC cell was pursued to fit 
realistic operationing conditions for produced water treatment in the field, 
 Optimization of impurities removal for a broader range of produced water 
using RSM, 
 Once the optimum in organic removal was detected, cost and volume 
estimates were calculated to assess how realistic were the operating 
conditions, 
 complementary study was made on boron removal, residual aluminum, and 
pH value change after EC.
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2. Produced Water 
2.1 Characterization of Oilfield Produced Water 
Produced water is a water phase that coexists with oil and gas in the reservoir.  It is 
brought to surface at the same time as the hydrocarbons being extracted. Produced 
water contains emulsified and/or dissolved oil; is usually high in salinity; has 
suspended sand or solids; and contains chemicals added at the production site as 
well as associated gas (such as natural gas, hydrogen sulfide, and carbon dioxide). 
The dissolved oil fraction consists of low molecular weight aromatic hydrocarbons 
or small carbon chains with high polarity, such as phenols and carboxylic acids. 
Meanwhile, the dispersed oil has a droplet size in the range of 0.5 to 200 microns 
and the size distribution is a function of variables like: temperature turbulence, the 
shearing created by the pumps, and the pressure drop in the piping (Stewart and 
Arnold, 2008). 
Water composition can also change dramatically from one production well to 
another, and even the same wellbore water quality will many times present 
variations over a period of weeks. This can occur naturally and/or when the rock 
formation is subjected to any fluid injection (such as fracking operations or polymer 
flooding). In cases of injection, and subsequent partial return of this injected fluid 
back to surface, the water will show a fluctuation in its quality.  The typical range of 
produced water is shown in Table 1, and for comparison, the typical oilfield 
produced water composition in the first two weeks after a fracturing operation is 
also shown. 
Produced water also carries Naturally Occurring Radioactive Material (NORM).  A 
study undertaken in the U.S analyzed several produced water samples and 
radioactive activities for 226 Ra, 228 Ra, and 210 Pb were found within these 
ranges respectively: 2.59x10-3 -55.29, <1.11x10-2 -22.19, and 1.11x10-3 -
6.1679x10-1 Bq/L (Hart et al., 1995). 
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Table 1. Typical ranges of compounds present in produced water and flow back (source: Fedotov 
et al., 2013 and Fakhru’l-Razi et al., 2009) 
Parameter [mg /L] 
 
Produced Water 
Range (Fedotov 
et al., 2013) 
Ranges for Flowback 
after the Fracturing 
Operation (Fedotov et 
al., 2013)  
Produced Water Range 
(Fakhru’l-Razi et al., 2009) 
Density [kg/m³]   1014-1140 
Surfate tension [N/m]   0.043-0.078 
Temperature °C 20- 150 20-150  
pH 4-10 4-10 4.3-10 
Oil-in-water 5- 1,000 5- 1,000  
TOC   0-1500 
Total Suspended Solids 1- 500 1-500 1.2-1000 
Total Dissolved Solids 10,000-336,000 5,000-250,000 2,600-360,000 
 (gasfield produced water) 
BTEX 0-100 0-100  
Chloride 6,000-200,000 3,000-150,000 80-200,000 
hydrogen carbonate 100-6,000 100-6,000 77-3,990 
Carbonate 0- 1,000 0-1,000  
Sulfate 0-5,000 0-1,000 <2-1,650 
Ammonia 10-200 10-200 10-300 
Phenol   0.009-23 
Volatile fatty acids   2-4,900 
Acetate 0- 2,500 0-500  
Propionate 0-400 0-100  
Butyrate 0-75 0-25  
Dissolved Oxygen 0 0  
Dissolved H2S 0- 1,000 0-1,000  
Bacteria [total per ml] 0-1010 0-1010  
Aluminum   310-410 
Barium 0-20,000 0-10,000 1.3-650 
Boron   5-95  
Cadmium   <0.005-1.2 
Calcium 0- 40,000 0-20,000 13-25,800 
Chromium    0.02-1.1 
Copper   <0.02-1.5 
Iron 0- 200 0-100 <0.1-100 
Lithium   3-50 
Lead   0.002-8.8 
Magnesium 0- 4,000 0-2,000 8-6,000 
Manganese   <0.004-175 
Potassium 0-1,000 0-750 24-4,300 
Strontium 0- 10,000 0-5,000 0.02 -1,000 
Sodium   132-97,000 
Titanium   <0.01-0.7 
Zinc   0.01-35 
Arsenic   <0.005-0.03 
Mercury   <0.001-0.002 
Silver   <0.001-0.15 
Beryllium   <0.001-0.004 
These naturally occurring compounds coexisting in the reservoir will arrive to the 
surface with different pressures and temperatures. In a nonstop production 
environment, with this physical-chemical condition in an abundance of water and 
steel, this creates some production challenges. For example, carbonate and sulfate 
presented in produced water can precipitate and create localized corrosion where 
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it is deposited. This accumulation of precipitation over time restricts flow and in 
extreme cases will cause blockage of the pipe and equipment. When NORM is also 
present the scale accumulation will be radioactive and needs special consideration 
when it is addressed. 
The production of water in the presence of natural gas in high quantity will generate 
a solid phase, called hydrate, when changes in pressure and temperature occur, 
namely increase on the pressure and decrease in the temperature. (Yuan Lu et al., 
2014). This solid water-gas phase will block the pipe creating a dangerous operation 
if this is not mitigated. 
Another typical water production problem is the corrosion caused by a mixture of 
CO2 and H2S, that is influenced by temperature. The production of those gases can 
be due to their natural composition, or is generated by a sulfate-reducing bacteria. 
Thus, corrosion is indirectly combated with biocide. All of these issues presented 
are controlled by the addition of chemicals.  The typical dosage of added chemicals 
in deepwater production is summarized in Table 2.  
Table 2. Production additives in the typical dosage and concentration persistent in produced water 
(Daigle, 2012) 
Production Additives Typical Dosage Typical Concentration in Produced Water 
Gas Hydrate Inhibitor- Methanol 
and Ethanol 20-50% by weight of produced water 10-30% by weight 
Gas Hydrate Inhibitor- MEG 25-150% by weight of produced water 20-60% by weight 
Gas Hydrate Inhibitor- Kinetic 
Inhibitor 0.75- 2% of produced water volume 0.75-2% of produced water volume 
Gas Hydrate Inhibitor- Anti-
Agglomerates 0.5-2% of produced water volume 0.5-2% of produced water volume 
Corrosion Inhibitor 10-50 ppm in water, up to 500ppm in special cases Almost all partitioned to water 
Scale Inhibitor 10-50 ppm in water Almost all partitioned to water 
Defoamers 100 ppm of liquid Litle  
Emulsion Breakers 25-100 ppm of oil Some partitioned to water 
Biocides and Other additives 100 ppm Varies 
Accordingly to the dosage partitioning (Table 2) into the oil and water phase, 
traces of those injected compounds will be carried to some extent in the produced 
water that is discharged into the environment. It is these added chemicals, along 
with the hydrocarbons concentration, heavy metals, NORM, and other natural 
compounds present in produced water, which have been receiving attention from 
the regulators seeking to avoid a serious impact on the environment (OSPAR, 
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2014). As more attention is given to the composition of discharged water, the 
limits of these concentrations will likely become more tightly regulated. 
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2.2 Produced Water Management 
In this section some of the water management practices and the water quality 
requirements, such as those to meet regulations or other reuse, are discussed. Even 
tough the cost of treatment of produced water is an information usually kept 
confidential by companies, some few sources were found but unfortunately not 
precisely described. The subsection related to cost is to give the range of realistic 
cost for produced water and all costs are in U.S. dollar per volume of treated water.  
2.2.1 Discharge and Regulations 
After treatment, produced water is discharged according to local environmental 
legislation, into surface water bodies on land (including evaporation ponds), or 
injected into rock formations for simple disposal. Offshore and onshore discharge 
regulations vary by country. However, the regulations for offshore operations are 
commonly only related to oil concentration and the range is between 30 to 50 mg/L 
using the method of extracting hydrocarbons from water by a solvent (Daigle et al., 
2012). In some cases, these limits are more stringent, as in the Baltic Sea region 
which set a target of 15 mg/L.  But there are not yet many regulations regarding 
other toxic impurities, such as heavy metal and NORM, or dissolved organic 
compounds, and a persistent concern about their environmental impacts.   
The fifteen governments of the European Union that make up OSPAR agreed on the 
cessation of discharge, emission, and losses regarding hazardous substances by 
2020, and the goal of zero harmful discharge. This target, with force of regulation in 
the future, has pushed the companies operating in the North Sea to innovate in the 
area of water treatment technologies (OSPAR Recommendation 2001, 2006). If this 
region achieves its discharge goals by 2020, this more rigid adjustment will most 
likely become a model for the regulative institutions in other countries as well. 
In onshore operations water discharge requires a great amount of treatment since 
river and land areas have more sensitive impacts on human health and the 
environment than the ocean.  For land disposal, the American guideline is to meet 
drinking water standards when discharge occurs into a surface water body or an 
aquifer (EPA, 2012). A common practice to handle produced water in the oil 
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industry, especially in onshore operations, is to inject the fluid into a formation such 
as an oil reservoir or a disposal formation. Furthermore, there has been increasing 
public awareness to the capitation of water, especially in areas that have recently 
experienced drought. This greatly affects the unconventional onshore oil and gas 
wells, which necessitate large quantities of water to make production viable, as well 
as discharge it in extensive volumes following fracking operations. For example, to 
perform a frack operation on a single well it can be necessary to use more than 4500 
m³ and up to almost 20000 m³ of clean/freshwater. Afterwards the flow back fluid 
mixed with produced water, fracking chemicals, and gels must be transported in 
several trucks to a proper treatment facility destination before disposal (Fedotov et 
al., 2013). However, the distance of disposal well can make the transportation by 
trucks highly expensive, between $3.71-$5.00 USD/bbl (Horn, 2009; Ely et al., 
2011). The high cost of transportation, along with the cost of capitation and disposal 
of water, can make room for treatments nearer to the wellbore that deliver a higher 
outlet quality than methods currently used and can be more cost-effective. 
From the total produced water volume generated and reported in 2016, 46% was 
re-injected into wells. This number goes up to 72% when only onshore activities are 
considered, without specifying the discharge percentage into a disposal formation 
or reuse into the reservoir. Thus for the offshore platforms, the most common 
discharge is into the ocean as only 25% of the produced water is pumped back into 
a formation (IOGP, 2017). 
2.2.2 Efforts on Reuse 
The practice to treat produced water for reuse has not yet been broadly adopted and 
there is a belief in the industry that this treatment scenario would significantly 
increase costs. However, there are still some cases where the industry has 
developed and researched the viability of reuse technologies, as shown in Table 3. 
Nowadays the water management strategies for reuse have been focusing on usage 
in industrial cooling, wash water and stream generation, irrigation water for crops 
and trees, and wildlife habitats, as well as to recharge an aquifer or river. The reuse 
produced water many units and energy is necessary and no simple and a specific 
chain of technologies is proven to be efficient in all cases of this water (see Table 3).   
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For several reasons, it is desirable to reinject fluid back into the reservoir. For 
instance, this can be done to increase/maintain the reservoir pressure or increase 
oil recovery from the rock pores with the help of chemicals in water, or to help or 
diminish the resistance of heavy oil to flow to the surface. Reusing treated produced 
water for injection back into a reservoir could be a potentially feasible solution for 
the oil companies to achieve a goal of zero harmful discharge into the environment. 
Aside from having chemical compatibility with the geochemistry of the rocks, the 
water must also meet the specifications for injection into the reservoir to maintain 
pressure as shown in Table 4.  
Table 3. Reuse of produced water 
Reuse Inlet characteristic Outlet  
Waste
water 
Process Author 
Irrigation 
and process 
water  
salinity 18,000-51,000 mg/L salinity <600 mg/L 
salinity 
>90,00
0 mg/L 
To be: 100µmdisc 
filtration/microfiltration
/two stages of reverse 
osmosis (RO) 
Le and 
Chalme
rs, 
2015 
water to 
construct 
wetland and 
charge of 
shallow 
aquifer 
7,000 mg/L of TDS, 77.4 
mg/L of TOC and >22.71 
m³/day  
wetland made of Typha 
spp. Plant and retention 
time of 1.5 days and 
recharge basin 
2.65 
m³/day 
to 
Class II 
injectio
n well 
warm lime 
process/media 
filtration/weak acid 
cation resin/cartridge 
filter/RO/RO 
Myers, 
2014 
Recharge an 
aquifer 
high levels of organics and 
silica at 7155 m³/day  
    
OPUSTM process with 
ceramic membranes as 
pretreatment and RO 
Hussai
n et al., 
2014 
Stream for 
the SAGD 
  
Iron and copper at 
<0.005 mg/L, total 
hardness <0.013 mg/L, 
oil and grease <1mg/L 
and Silica <0.02 mg/L 
  
De-oiling system- caustic 
soda addition to soluble 
silica/ thermal 
evaporators 
Hussai
n et al., 
2014 
Frac water  
O&G with 50-2,400 mg/l, 
TDS 8,000-15,000 mg/L; 
chloride 3,600-6,750 mg/L; 
Sulfate 10-100 mg/L, 
conductivity 8,000-20,000 
µS/cm; pH value 6.5-8.5, 
BTEX 28-80 mg/L; Gasoline 
organics 88-420 mg/L; Diesel 
organics 77-1,100 mg/L; 
Methanol 40-1,500 mg/L and 
Boron 15-30 mg/L 
TDS from 9,000 to 
16,000 mg/L; Turbidity 
0-5 NTU; pH 6.5-8; Iron 
1-10 mg/L; Chloride 
5,000-10,000 mg/L; 
Potassium 100-500 
mg/L; Calcium 50-250 
mg/L; Magnesium 10-
100 mg/L; Sodium 
2,000-5,000 mg/L and 
Boron 0-20 mg/L 
  
API separator/ anaerobic 
basin/ aeration basin/ 
clarifier/ sand filter 
Shafer 
L, 2011 
River charge 
Surplus water from the Frac 
water plant 
Organic constituents are 
under the detection 
limit, inorganic salts 
below 100 mg/L, boron 
concentration less than 
0.75 mg/L 
Injecte
d into a 
Class I 
disposa
l well 
Bioreactor/membrane 
bioreactor/RO/ boron 
ion exchange or 
Bioreactor/membrane 
bioreactor/RO/EC/Ultraf
iltration/ RO/Boron Ion 
exchange 
Shafer 
L, 2011 
One particular type of re-injection water is used for Enhanced Oil Recovery (EOR) 
and the oil produced using this method accounts for roughly 3.6% of worldwide oil 
production.  An analysis found the source water treated and used in EOR projects is 
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comprised 53.6% from produced water and the remaining part from seawater, 
aquifers, or rivers (Henthorne et al. 2013).   
Another practice is the injection of steam to make the production of heavy oil viable, 
named Steam Assisted Gravity Drainage (SAGD). Produced water is used to generate 
steam for producing heavy oil in Canada and Oman (Aroussi et al., 2012; Heins, 
2008).  
As mentioned previously, fracking operations need large quantities of water and in 
the Pinedale Anticline in Wyoming (USA) the operations reuse produced water. The 
water specifications  reuse in fracking at Pinedale, reinjection, irrigation in Australia 
and to generation of steam on SAGD process are shown in Table 4. 
SAR is an index calculated with the sodium concentration relative to calcium and 
magnesium ones, and this will represent the extension of exchange reactions 
between the soil content and the presented sodium. Furthermore, the guidelines for 
water quality destined to irrigation made by the U.S. Environmental Protection 
Agency are shown in Table 5.      
Table 4. Examples of water quality specifications reuse 
Parameter [mg/L] 
Frac Water 
Quality 
Specification  
(Shafer, 2011) 
Produced Water 
Reinjection (PWRI) 
(Rambeau et al., 
2014; Jacob, 2015) 
Irrigation 
Project in 
Australia 
(Le et al., 
2015) 
Typical Water 
for Steam 
Generation in 
SAGD  for OSTG 
Boiler (Das, 
2012) * 
Typical Water for 
Steam Generation 
in SAGD  for Drum 
Boiler (Das, 2012) * 
TDS  9,000-16,000 <600 <10,000 (0.5 µS/cm max) 
Turbidity [NTU] 0-5         
pH 6.5-8   6.5-8 8.0-10 9.3-9.6 
Iron 1-10     <0.1 <0.01 (max) 
Chloride 5,000-10,000         
Potassium 100-500         
Calcium 50-250         
Magnesium 10-100         
Sodium 2,000-5,000         
Boron 0-20         
Dispersed Hydrocarbons   ≤10   <0.5 <0.2 (TOC, max) 
TSS   2       
Cut size [µm]   5-0.1       
Sodium Adsorption Ratio 
(SAR)     <5    
*Low dissolved oxygen <10-7 ppb; low hardness as CaCO3 <0.003-0.5mg/L; and low silica content <2-50 mg/L as SiO2 
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Table 5. Guidelines for water quality for irrigation (EPA, 2012) 
Irrigation Parameter Units 
Degree of Restriction on Use 
None 
Slight to 
Moderate 
Severe 
Electrical Conductivity dS/m < 0.7 0.7 – 3.0 > 3.0 
TDS mg/L < 450 450 – 2000 > 2000 
Infiltration (affects water infiltration rate; Then SAR and conductivity must evaluate together) 
SAR 
0 – 3 
And 
conductivity= 
> 0.7 0.7 – 0.2 < 0.2 
 3 – 6 > 1.2 1.2 – 0.3 < 0.3 
 6 – 12 > 1.9 1.9 – 0.5 < 0.5 
 12 – 20 > 2.9 2.9 – 1.3 < 1.3 
 20 – 40 > 5.0 5.0 – 2.9 < 2.9 
Specific Ion Toxicity 
Sodium (Na) surface irrigation SAR < 3 3 – 9 > 9 
Sodium (Na) sprinkler irrigation meq/L < 3 > 3   
Chloride (Cl) surface irrigation meq/L < 4 4 – 10 > 10 
Chloride (Cl) sprinkler irrigation meq/L < 3 > 3   
Boron (B) mg/L < 0.7 0.7 – 3.0 > 3.0 
Miscellaneous Effects 
Nitrogen (Total N) mg/L < 5 5 – 30 > 30 
hydrogen carbonate (HCO3)  meq/l < 1.5 1.5 – 8.5 > 8.5 
pH Normal Range 6.5 – 8.4 
2.2.3 Cost 
The cost of water treatment varies dramatically and the criteria to define the 
treatment has inconsistency what may cause confusion when comparing different 
sources. For example, offshore operations in the North Sea can have a typical range 
between $0.19-$3.40 USD/bbl of water treated ($1.19-$21.38 USD/m³), whereas in 
Poland’s shale gas fields it can be prohibitively high, up to $80 USD/bbl (Duhon, 
2012). A case study made for onshore operations in the U.S. disclosed the total water 
cycle cost and it concluded the treatment ranged between $2.74 to $5.24 USD/m³, 
including the cost contributions of lifting, separating, de-oiling, filtering, pumping, 
and injection (Table 6) (Bailey et al., 2000). The same group estimated the cost of 
offshore treatment to discharge into ocean can be $0.62 USD/m³. However, nothing 
was mentioned about the quality of water achieved in those cases. 
The cost for produced water treatment in the industry is very difficult to be obtained 
specially the percentage of some factors (CAPEX, labor cost, capacity of treatment) 
for the final cost. However, there is an range of the treatment cost without specifying 
the capacity or the CAPEX related to the target of contaminates to be removed and 
it is shown in  Table 7. 
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Table 6. Case study with estimated water-handling cost per m³ for onshore in USA with capital and 
operation expenses (CAPEX and OPEX). Production wells flowing from 3,180 to 31,800 m³/day 
(20,000 to 200,000 BBL/day) with a 90% water fraction in the fluid (Bailey et al., 2000) 
  3,180 m³/day 7,950 m³/day 15,900 m³/day 31,800 m³/day 
Lifting 
Capex/Opex $   0.28 5,28% $   0.28 7,95% $   0.28 9,29% $   0.28 10,25% 
Utilities $   0.31 6,38% $   0.34 9,62% $   0.34 11,24% $   0.34 12,40% 
Separation 
Capex/Opex $   0.55 10,36% $   0.29 8,27% $   0.22 7,24% $   0.19 6,82% 
Utilities $   0.01 0,30% $   0.02 0,45% $   0.02 0,52% $   0.02 0,58% 
Chemical $   0.21 4,09% $   0.21 6,16% $   0.21 7,20% $   0.21 7,94% 
De-oiling 
Capex/Opex $   0.92 17,56% $   0.46 12,99% $   0.35 11,64% $   0.29 10,58% 
Chemical $   0.25 4,81% $   0.26 7,25% $   0.26 8,47% $   0.26 9,34% 
Filtering 
Capex/Opex $   0.92 17,47% $   0.43 12,18% $   0.30 9,85% $   0.19 6,87% 
Utilities $   0.08 1,48% $   0.06 1,79% $   0.06 2,09% $   0.06 2,31% 
Pumping 
Capex/Opex $   1.30 24,66% $   0.77 21,89% $   0.57 19,06% $   0.50 18,15% 
Utilities $   0.21 3,99% $   0.21 6,01% $   0.21 7,03% $   0.21 7,75% 
Injecting Capex/Opex $   0.19 3,62% $   0.19 5,45% $   0.19 6,37% $   0.19 7,02% 
 Total Cost/m³ $   5.24 100% $   3.52 100% $   3.01 100% $   2.74 100% 
Table 7. Cost of treatment per barrel of flow back water 
Contaminant to be removed/Method Cost $/bbl 
of water  
Cost $/m³ Ref 
 Primary treatment- Oil and TSS Removal  1.00-2.00 6.29-12.58 Fedotov et al., 2013 
 Secondary treatment- Cations Removal   2.00-6.00 12.58-37.74 Fedotov et al., 2013 
 Tertiary treatment- TDS Removal  6.00-8.00 37.74-50.31 Fedotov et al., 2013 
 Zero Liquid Discharge, Disposal Well, Evaporation Ponds  12.00-20.00 75.47-125.79 Fedotov et al., 2013 
 Suspended Solids and free oil removal  0.20-2.50 1.26-15.72 Shannon, 2015 
 Fine particulate removal  0.50-2.00 3.14-12.58 Shannon, 2015 
 Oil removal prior to desalination fine droplet removal  0.50-1.50 3.14-9.43 Shannon, 2015 
 Desalination Membrane  3.00-5.00 18.87-31.45 Shannon, 2015 
 Desalination Thermal  6.00-8.00 37.74-50.31 Shannon, 2015 
 Non-oxidizing biocides  0.50-2.50 3.14-15.72 Shannon, 2015 
 Oxidizing biocides  0.10-1.00 0.63-6.29 Shannon, 2015 
 Surface discharge  0.01-0.08 0.06-0.50 Jackson et al., 2002 
 Secondary recovery  0.05-1.25 0.31-7.86 Jackson et al., 2002 
 Shallow reinjection  0.10-1.33 0.63-8.36 Jackson et al., 2002 
 Evaporation pits  0.01-0.80 0.06-5.03 Jackson et al., 2002 
 Commercial water hauling  0.01-5.50 0.06-34.59 Jackson et al., 2002 
 Disposal wells  0.05-2.65 0.31-16.67 Jackson et al., 2002 
 Freeze-thaw evaporation (Freeze Crystallization )  2.65-5.00 16.67-31.45 Jackson et al., 2002 
 Evaporation pits and flow lines  1.00-1.75 6.29-11.01 Jackson et al., 2002 
 Constructed wetland  0.001-2.00 0.006-12.58 Jackson et al., 2002 
 Electrodialysis  0.02-0.64 0.13-4.03 Jackson et al., 2002 
 Induced air flotation for de-oiling  0.05 0.31 Jackson et al., 2002 
 Anoxic/aerobic granular activated carbon  0.083 0.52 Jackson et al., 2002 
In 2010, the total cost of handling water for fracking in the Bakken shale formation 
in North Dakota (USA) was between $2.00-$16.80 USD/bbl ($12.00-$105.60 
USD/m³). In this case 56% to 84% of the total cost is represented by the 
transportation of water, the acquisition of fresh water, and its disposal into the 
nearest injection well (Stepan et al., 2010). The transportation cost alone in the 
Barnett shale field (USA) has an average range between $3.71-$5.00 USD/bbl 
($23.33-$31.45 USD/m ³) (Horn, 2009; Ely et al., 2011). In other words, onshore 
 16 
 
activities will be significantly impacted by the water transportation and acquisition 
cost, which can be strictly regulated and expensive, especially in areas with water 
scarcity.  
The treatment methods used by the oil industry have a fairly broad range of cost as 
compared to those in wastewater treatment plants, which can have total costs 
between $0.40-$0.80 USD/m³; considering energy, labor, maintenance, waste 
management, chemical, and capital cost (Hernández-Sancho et al., 2009). This 
difference in cost for onshore operations is very distinguished and it can be 
diminished if design solutions are created with lower treatment costs in mind. 
The construction of a pipe network in areas with a high density of wellbores can 
eliminate transportation costs while utilizing the economies of scale. There is also 
potential that further research and development for technologies traditionally used 
in wastewater treatment, but not applied broadly to produced water treatment, 
could greatly benefit operations. Thus, there is a room for optimizing produced 
water treatment costs and new solutions can be still competitive. However, further 
analysis to allow optimization in the water treatment cost is only possible if better 
quality of information related to cost is obtained. 
The resulting sludge from the treatment should also have an appropriate 
destination even though in many cases it is neglected and pumped back to the oil 
separator. The incineration of oily sludge had a reported cost of more than $800 
USD/ton. Furthermore, operational costs for oily sludge treatment from the refinery 
was more than $625 USD/ton using bio-slurry degradation and $155 USD/ton for 
land farming (Hu et al., 2013). A survey in European countries showed the refineries 
had an average cost of $316 USD/ton for hazardous waste management (Spence at 
al., 2017). A continuous treatment of oily sludge from a refinery in Barrancabermeja, 
Columbia using biodegradation and oil recovery had a cost of $15 USD per m³ of 
sludge (Echeverría et al., 2002). 
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3. Produced Water Treatment  
The technologies to treat produced water with its efficiency, targets, and costs found 
in the literature are presented here. The chapter is divided into the most common 
primary treatment; other technologies which have been tried in a laboratory, pilot 
or industrial scale, and EC.  
The most common devices encountered on an offshore platform are hydrocyclones, 
flotation units to separate oil from water, and a recurrent polishing step is the use 
of adsorptive filters, such as walnut shell filters (Walsh, 2015; Daigle, 2012; 
Henthorne et al., 2013; Weschenfelder et al., 2015 (I)). 
3.1 Most Common Primary Treatment  
3.1.1 Hydrocyclones 
Hydrocyclones are conic devices where water enters tangentially on the top circular 
geometry and this creates a vortex, or a centripetal force, on the liquid. This force 
makes particles, usually bigger than 10-15 µm, travel to the outside of the vortex 
and those are separated in the bottom on the underflow (Arthur et al., 2005). The 
remaining lighter particles travel to a second vortex, created on the bottom with 
direction to the top, called overflow. However, in real conditions the designed cut 
size is impaired, i.e. samples taken in the Gulf of Mexico have shown de-oiling 
hydrocyclones give produced water with droplets containing mean size of droplets 
equal to ≤20 µm (Walsh et al., 2010). The concentration of oil in water after a 
hydrocyclone can vary significantly as shown in Table 8. 
Table 8. Hydrocyclones oil removal performance from produced water from different facilities 
(Walsh et al., 2010) 
Location Hydrocyclone inlet (ppm) Hydrocyclone outlet (ppm) 
North Sea 1 400 17 
North Sea 2 600 25 
North Sea 3 400 45 
North Sea 4 102 30 
US 1 520 39 
US 2 2310 160 
US 3 1500 200 
Dubai 327 88 
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3.1.2 Flotation unit 
Flotation units can use air or gas to introduce bubbles on the bottom of the liquid 
column, which carry oil droplets and particles attached on its surface to the top of 
the unit, where oily sludge can be separated. The flotation units will be classified 
according to how the bubbles are fed into the systems like induced gas flotation 
(IGF) or dissolved gas flotation (DGF) (Lee and Neff, 2011).   
Another common flotation device found upstream is the so-called compact flotation 
unit (CFU). The characteristics of a CFU are not well defined, but usually consists of 
vertical flotation units combined with centrifuge forces like the hydrocyclones or 
centrifuge. The remarkable technical difference on IGF/DGF to a CFU is the 
residence time, since IGF/DGF will have a 6 min or more residence time and CFU 
should be around 30 seconds (Walsh, 2015). The flotation units usually can remove 
drop diameters up to 10-25 µm (Judd et al., 2014) and the use of 
coagulants/flocculants enhance the oil removal by increasing the diameter size of 
the particles on breaking the emulsion. 
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3.2 Further Water Treatment Technologies 
3.2.1 Membrane Process 
In membrane processes, water is forced to pass throughout a barrier that can detain 
fine particles and/or solutes and the membrane material can be polymeric or 
ceramic. The use of a membrane for water treatment is a mature and widespread 
technology, but for the oil & gas industry is still not a widely used process, especially 
during upstream operations (Alzahrani et al., 2014). This is due most likely to a 
negative perception of expensive technologies with high CAPEX and the result of 
irreversible fouling caused in many cases by the contaminates found in produced 
water. In order to avoid the irreversible fouling, produced water should undergo 
better pretreatment before being pumped into a membrane process or use 
materials than can cope better with the foulants found in this water. 
However, membrane processes still have the potential to become a well-suited 
technology and a high interest is shown to develop a stable and durable membrane 
for this water. Ceramic membranes usually have higher flux and chemical resistance, 
but polymeric can be cheaper to operate and have lower capital cost (Ciarapica et 
al., 2003). Several types of material and impurities sizes exclusion are available and 
the target for removal can be: microorganisms; virus; colloidal particles; dissolved 
ions range sizes. 
A membrane is a safety barrier against pollutants and thus reliable processes for 
water reuse usually have one or more membrane units in the treatment chain. Even 
though the inlet may have an adequate pretreatment, the membrane will still need 
periodic chemical cleaning and backwash to maintain a sustainable flux (Pearce, 
2011).  
3.2.1.1 Microfiltration 
Microfiltration (MF) membranes usually have pore sizes in the order of 0.04 to 0.2 
µm and typically operate in the range of 0.7 to 2 bars of transmembrane pressure 
(TMP) with fluxes of pure water at 3000-10,000 L/m²hbar (Pearce, 2011). The main 
objective of treatment with MF is to remove oil droplets, bacteria, and suspended 
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solids. In the literature there are several studies using MF with produced water 
showing the current and intense interest in this subject.  
Further experiments using produced water from a dewatering tank of a refinery was 
conducted on an aluminum oxide (Al2O3) membrane with cut-off sizes between 0.1-
0.2 µm and diameter of 0.010 m (Ebrahimi et al., 2010). The flux experienced a fall 
from 600 to near of 200 L/m²h after one hour of operation at 1 bar of TMP for the 
0.1µm membrane, giving a removal of TOC and oil equal to 38.6% and 61.4%, 
respectively. Furthermore, the flux decreased from 500 to 100 L/m²h after one hour 
at the same operational conditions for the 0.2 µm membrane. The size of the oil 
droplets obtained will vary according to the physicochemical properties of the 
water and shear applied on the fluid, which in turn will determine the fouling 
mechanism to a given pore size and surface interactions between organic 
compounds and -membrane. The flux was severely impaired, most likely because of 
the oil coalescence on the membrane surface creating an irreversible fouling. 
Furthermore, the membrane with bigger porous channel (0.2µm) had a smaller flux 
than the membrane with 0.1µm. Any explanation was found to support this fact, but 
the authors continued the investigation with different pretreatment on the 0.1µm 
membrane.  
An evaluation of different pretreatments before a MF was performed using real 
produced water and flowback from a Marcellus shale gas field (Xiong et al., 2016). 
For samples without a pretreatment on a 0.2 µm polyvinylidenefluoride membrane, 
a severe fouling was observed and no correlation was found with TOC, TSS, or 
turbidity. The sample obtained had a high load of colloidal particles that could not 
be removed by MF because it showed particle sizes between 10 and 100 nm. This 
sample exhibited much smaller particles than the usual size found in produced 
water, reported to be in the range of 0.2 to 100 µm (Weschenfelder et al., 2015(I); 
Weschenfelder et al., 2015 (II); Stewart and Arnold, 2011).  
Synthetic produced water was used to evaluate a submerged hollow fiber 
polyetherimide membrane with a mean pore size of 0.4 µm and 0.5 m2 area (Motta 
et al., 2014). The flux of the permeate declined around 30 to 50% after 6 hours of 
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operation at negative 0.2 bar; water recovery in the range of 75-90% and initial oil 
and grease concentration varying from 100 to 200 mg/L.  
Real produced water treatment was studied using membranes of SiC (0.5 µm) and 
TiO2 (2 µm) on a pilot scale (Zsirai et al., 2016). The SiC membrane had a much 
higher flux, being from 200 to 700 L/m²h under a pressure range between 0.2 and 
0.8 bars and 2 m/s of cross-flow velocity (CFV). However, it demonstrated a higher 
fouling behavior as well. The produced water was collected after flotation and 
hydrocyclone units with TOC ranging between 46 and 237 mg/L and the MF effluent 
had 10 mg/L of oil and grease. 
Mimicked produced water was filtered through a zirconium oxide (ZrO2) tubular 
membrane containing a mean pore size of 0.1µm and channel diameter as 0.003 m 
(Weschenfelder et al., 2015 (II)). The effluent quality had oil and grease 
concentration lower than 5 mg/L independent of the inlet concentration (180-1800 
mg/L). The result of the experiments gave a flux from 119 to 420 L/m²h with a 
transmembrane pressure range of 0.5 to 3.0 bar. The optimization of the process 
gave a best CFV equal to 2.0 m/s (Re≥6000). The operational cost was estimated to 
be $0.23 USD/m³ for a plant with capacity of 1000 m³/h and capital expenditure of 
$7.33 millions of USD. 
3.2.1.2 Ultrafiltration 
Ultrafiltration (UF) is characterized by membrane pore sizes smaller than 0.1µm 
with a typical cut-off size on the range of 0.01- 0.02 µm and transmembrane 
pressures from 1 to 10 bars. Besides the finer pore size, the flux of pure water stays 
in the range of 500 to 1500 L/m²hbar. UF is used to retain bacteria, viruses, colloids, 
and larger organic molecules up to a molecular weight in the range of 1000 to 
1,000,000 Da (Pearce, 2011). 
Asatekin and Mayes tested a modified membrane polyacrylonitrile-graft-
poly(ethylene oxide), PAN-g-PEO, with real produced water (Asatekin and Mayes, 
2009).  The dead-end filtration was performed with a pressure around 0.7 bar and 
sufficient backwash to completely clean the membrane. The modified polymeric 
membrane didn’t show any irreversible fouling and had better resistance to 
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adsorption of organic compounds at high loads of organic compounds when 
compared with a commercial PAN membrane. The removal of chemical oxygen 
demand (COD) obtained was between 96.5% to 98.3%. However, the removal was 
substantial lower for the refinery produced water being around 41 to 44%. This 
suggested the modified material can extend the membrane lifetime with total 
recovery of flux. Although, it would present less chemical resistance for being 
polymeric and most likely have less acceptance from the industry to be 
implemented in the field. 
A modified polyvinylidene fluoride with alumina nano-sized (Al2O3-PVDF) 
membrane was produced in a tubular shape (5mm in diameter) and 35 kDa weight 
cut-off for being evaluated with produced water (Li et al., 2006). An oilfield 
produced water pretreated by sedimentation, coagulation sedimentation, and sand 
filtration was injected at 7.8 m/s of CFV and 30°C into the UF with 1 bar of TMP. The 
oil rejection achieved 98.04% and a flux of 150 L/m²h, whereas PVDF presented 90 
L/m²h under the same conditions. The modified membrane could achieve the total 
recovery of permeate flux after a clean in place procedure with a high pH value.  An 
inorganic UF (TiO2-Al2O3) with a pore size of 0.05 µm was used to filter a dewatering 
tank of produced water with TMP 0.5-2 bar showing oil removal up to 99% and flux 
varying from 40 to 75 L/m²hbar (Ebrahimi et al., 2010). 
A cellulose acetate hollow fiber with 130 kDa as the cut-off was fed with produced 
water at 0.8 m/s (outside-inside flux) and pressure at 1 bar (He et al., 2008).  The 
removal of oil and grease was 98.3% and flux 119 L/m²h. After the filtration the 
hollow fiber (1.2 mm of internal diameter) was backwashed for two minutes at 1.2 
bar and had almost a total flux recover. The week adsorption of oil on the membrane 
surface was proposed to highly hydrophilic property.  
Ultrafiltration by ceramic membranes to reinject treated produced water into the 
reservoir with a small footprint and weight process was researched and patented 
for upstream operations. The dimensions of this treatment process are similar of a 
container. These inventors claim the process could save an estimated 10 million 
Euros in cost and 170 tons of equipment weight (Pedenaud P., 2014). Although there 
was information about a financial gain with the decrease in cost and the potential to 
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use UF with produced water, it is not known publically what operational parameters 
were used. 
Some of the studies here could recover total flux, especially for the modified 
membranes, although a pilot test would be essential for accessing the total recovery 
after some variations of the inlet faced in the field. 
3.2.1.3 Nanofiltration 
Nanofiltration (NF) removes solutes like divalent ions, heavy metals, hardness, and 
organic matter from water and usually is applied as a pretreatment to a reverse 
osmosis process. In the oil industry, there are several applications of NF to generate 
steam for the production of heavy oil and bitumen. NF membranes have molecular 
weight limits (MWCO) in the range of 200-1000 Da and operational pressures 
between 5-10 bar under 200-5000 ppm salt concentration (Baker, 2012).   
Different types of treatment chains were evaluated before a reverse osmosis (RO) 
and NF membranes to access the best solution for desalinating real produced water 
(Çakmakci et al., 2008). The NF, a polyamide thin film composite (200-300 MWCO; 
155cm²) after a microfiltration demonstrated less loss of flux with the time, even 
though it did not achieve the target set by local regulations. The flux varied from 30 
to 60 L/m²h for different origins of produced water with the removal for COD being 
between 50 and 90% and for TDS 30-65%. 
Visvanathan et al. studied the treatment of produced water using NF after 
multimedia gravity filters, oil separators with chemical dosing on a pilot scale 
running it for months (Visvanathan et al., 2000). The spiral wound configuration 
made with polypiperazine thin composite of 1nm pore size operated at 12 bar giving 
a flux of 0.95 L/m²h and water recovery of 65-70%, at 30°C. They pointed out this 
material was chosen among various membranes available in the market because 
they performed well to handle oil fouling. The removal of TDS, COD, oil and grease 
and TOC was 61%, 54%, 99%, and 35% respectively, and the raw water had 9,880 
mg/L of TDS and 3,133 mg/L of TOC. According to the authors, NF proved to be a 
suitable pretreatment to a RO process since no irreversible fouling was obtained. 
The downfall of this study is the pressure applied and the resulting flux obtained.  
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3.2.1.4 Reverse Osmosis 
RO also removes solutes, but with better selectivity showing higher rejection for 
smaller ions. The operational pressure range is around 10-60 bar for salt solutions 
at 5000- 50000 ppm (Baker, 2012).  Since the range of salts in water is so large for 
produced water (Table 5), RO will have an extremely high theoretical operating 
pressure and is thus not feasible in some cases. 
The cost to apply NF and RO on a small to a mid-size plant (50 m3/day) to desalinate 
a lower TDS range produced water with stable flux 0.3 to 0.51 L/m²hbar was 
estimated to be $3.7 USD/m3. The factors which most impacted the economic 
feasibility were the pretreatment and membrane replacement (Muraleedaaran et 
al., 2009). A capital cost for RO desalination is estimated to be $500-$2,500 
USD/m³day with and operating cost ranging from $ 0.2 to 1.7 per m³ (Chen et al., 
2011). 
Zhao et al. studied real produced water being treated with electrocoagulation before 
a RO process (Zhao et al., 2014).  After 30 min of electrolysis, the EC could remove 
COD, turbidity, and hardness at percentages of 65.97%, 92.48 and 85.36% 
respectively.  The water treated with EC had 22 L/m²h of stable flux after 3.5 hours 
of operation at 20 bar.  The permeate had an oil concentration equal to 0.86 mg/L 
and COD, 12 mg/L and conductivity of 556 µS/cm from a previous value of 3000 
µS/cm. 
A pilot project used an RO system after filters and NF ran in a natural gas field for 
months (Visvanathan et al., 2000). The TDS before RO was around 3,770 mg/L and 
TOC around 1980 mg/L and oil and grease of 1.7 mg/L. The first step of treatment 
using RO operated at 18 bar with a flux of 0.89 L/m²h at 30°C. The total water 
recovery of 89% was achieved using three RO systems, where the second operated 
at 60 bar and 0.5 L/m²h, and the third at 62 bar and 0.14 L/m²h. 
3.2.1.5 Forward osmosis 
Forward osmosis (FO) is an osmosis driven process where water flows from a lower 
osmotic pressure solution to a higher one to achieve an equilibrium of chemical 
potential. The big advantage of this process is not being hydraulic pressure driven, 
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but rather the chemical nature of equilibrium for osmotic pressure, a spontaneously 
thermodynamic principle for solutions. As a consequence of lower hydraulic 
pressure operation, the resulting cake is much less compacted and easier to be 
removed, making the recovery of initial flux less costly. The recent research on FO 
has been increasing and one of main application explored is the potential of hybrid 
FO-systems which can potentially demand lower energy for produced water 
desalination (Jacobs, 2014; Shaffer et al., 2015). 
The potential to reduce the volume of produced water from a gas field by 50% was 
investigated using FO and a draw solution of seawater or brine from desalination 
plants (Minier-Matar et al., 2015). The FO could reduce the volume of produced 
water by 50% with a 12 L/m²h average flux and draw solution of 70 g/L of NaCl, 
25°C and CFV 0.2 m/s. FO with untreated produced water showed a decrease in flux 
and fouling and they concluded a pretreatment is crucial to use in this application.  
A thin film composite FO hollow fiber was used to treat real produced water from a 
gas field and a study about the chemical cleaning and its efficiency was made (Zhao 
et al., 2017). The produced water had a TDS of 1,526 mg/L and TOC of 132 mg/L 
with an average particle size of 0.24 µm and zeta potential of -8.28 mV at pH value 
of 8. The membrane was tested in batch mode with one liter of produced water until 
a reduction of 50% reduction in volume was achieved. The average flux obtained 
was 15.6 L/m²h.  After each run, the membrane was washed for 15 min with 
0.01mol/L sodium dodecyl sulfate, and a recovery of 95% from its initial flux was 
obtained.  
Real produced water passed through two systems of FO membrane, cellulose 
triacetate (CTA) and trifluoroacetic acid (TFC), on a pilot scale during three weeks 
with a draw solution being 1 mol/L NaCl. (Bell et al., 2017). The CTA membrane 
showed a better performance with stable flux equals to 4 L/m²h on the last two 
weeks and less fouling development.  
3.2.2 Electrodialysis 
Electrodialysis (ED) is a separation process which includes at least two electrodes 
and two types of membranes; one selectively transports cations, and the other is 
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anion selective. The process relies on the migration of cations and anions present in 
the water through the selective membranes according to its charge and electric field 
applied. Alternating several membranes through the electric field is common and an 
example is shown in Figure 1. ED can be a desalination process and still be low cost, 
and the range of salinity for use is 500 to 10000 mg/L (Clayton, 2015). The 
concentrated feed can achieve 5 to 20 times more than the raw water, resulting in a 
high percentage of recovery of the product water (80-95%) with a pressure drop 
from 1 to 2 bars for sheet flow cells (Baker, 2012). 
Figure 1. General schematic of electrodialysis with the disposition of cationic and anionic 
membranes 
A joint industry research group for the oil industry evaluated some processes to 
inject low salinity water into the reservoir for higher recovery of oil in deepwater 
projects (Anres et al., 2014). ED prior to an NF process has the lowest power 
consumption when compared to others, which had RO and NF to desalt the 
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seawater. Even though this research was conducted for subsea implementation and 
for seawater, ED has a potential to be best suited for some produced water train 
treatments for beneficial reuse as low salinity injection.  
Produced water from polymer flooding was desalted with ED after an UF 
pretreatment to be reinjected (Liu et al., 2007). A comparison of formation cores 
test made for flooding using freshwater or desalted produced water with ED 
concluded that the desalted produced water could increase oil recovery rate. 
A process using coagulants before an induced gas flotation unit, anoxic and aerobic 
granular activated carbon fluidized bed biologic reactors (GAC-FBR), previous to ED, 
was investigated in a natural gas field (Miller et al., 1997). This process was 
evaluated to meet surface water discharge is from produced water. The inlet 
contained 53.4 mg/L oil and grease, 211 mg/L as TOC and 8340 mg/L as TDS, and 
the biggest fraction of salts was sodium chloride and sodium hydrogen carbonate. 
The ED cell stack membrane operated in two functions: continuous and acid wash 
of the membrane daily mode, and in batch mode with an acid wash at every new 
restart. The membrane did not present a remarkable fouling after 65 days of 
experiments and the discharge standard was met on this pilot trial. Its operational 
cost was calculated for final concentration in treated water having 5000, 2500 and 
1000 mg/L as TDS. The energy cost varied between $1.59 and $4.77 USD/m3, 
considering $0.06 USD per kWh. 
An ED was used to treat polymer-flooding produced water with a total of 5 
electrodes pairs (Ti-Ru) at 15 mA/cm² (Guolin et al., 2010). The ED setup was 
divided into 4 segments and each segment had a total of 75 anion exchange 
membranes (Neosepta AMX-SB) and 76 cation exchange membranes (Neosepta 
CMX-SB) resulting in an effective area of membrane equal to 400 x 1600 mm². The 
optimal removal rate of TDS was 78.7% at energy consumption of 0.89 kWh/m³ 
operating with 86 amperes. 
Five different types of produced water had their salinities (TDS from 4435 to 97555 
mg/L) mimicked in the laboratory and treated with an ED cell (Sirivedhin et al., 
2004).  The setup was assembled with 12 cation selective membranes (Neosepta 
CMX-SB) and 10 anionic membranes (Neosepta AMX-SB) with a total area of 2000 
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cm². A range from 3 to 9.8 V was applied. A reduction of TDS was found for the low 
salt concentration equal to 70.9 mg/L per minute per voltage, but for the high salt 
concentration this rate decreased to 26.2 mg/L. Some ions were faster to leave the 
mimicked produced water following the descending order: Ca2+≈ Mg2+>K+>Na+ 
and SO42-> HCO3-> Cl-. The cations removal was concluded to be due to its 
concentration, higher feed concentration of the cation will translate in to a longer 
removal. Although for the anion, no correlation to the concentration was found and 
thus, the order of removal was most probably dictated by the ion charge density. 
3.2.3 Biological treatment 
3.2.3.1 Aerobic and anaerobic process 
Hydrocarbons present in water can be biodegraded by microorganisms naturally 
occurring in the reservoir or by selected culture in a laboratory until partial or 
complete mineralization of the organic compounds is reached. The biological 
degradation can be aerobic, in which 30-50% of the carbon substrate is usually 
converted on biomass growth, or anaerobic conditions, where only 5% is to cell 
growth and biogas (Gallert et al., 1999).  The insoluble carbon chain can be degraded 
by the help of an enzymatic system, production of compounds active in the surface 
by the culture, or attachments of the microorganisms’ cells to the oil droplets (Das 
et al., 2011). Differently for the chemical oxidation, the oxidation-reduction 
reactions by microorganism are consuming organic molecules, even for larger ones, 
and have as product: biomass, CO2, water and/or Methane. The higher residence 
time required on biological degradation is the biggest impediment for using it 
offshore, but it can be a suitable technology for onshore applications (Wang et al., 
2011; Shaffer et al., 2011). 
A continuous aerobic treatment before a gravitational separator, sand media 
filtration, and MF was used on produced water for polymer flooding. The 
experiment was tested for several months to achieve the reuse quality for 
reinjection (< 8 mg/L of oil, 3 ppm of suspended solids and < 2 µm of particle size) 
(Wang et al., 2011). The pilot unit had a capacity to treat 1500 m³/day of produced 
water containing 158-550 mg/L of oil and 100-252 mg/L of polymer. The bioreactor 
alone decreases the concentration of COD in 37%, S2- in 99%, Fe2+ in 67% and 98-
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99% of oil. Analyses show that only hydrocarbons with large molecular weight and 
the polymer used to flood the reservoir were not biodegraded. The residence time 
of the bioreactor was dimensioned to have around 5.6 hours and the whole process 
had an estimated cost of $0.26 per m³.  
Activated sludge was successfully employed to diminish soluble organic pollutants 
in produced water when the appropriate conditions were respected (Trusmiyadi et 
al., 2011). The microbiological oxidation was a secondary treatment of produced 
water to meet the standards of discharge into a river. Anaerobic followed by aerobic 
degradation could digest hydrocarbons and residual fracturing additives (Shaffer et 
al., 2011).  
Haloarchae, a microorganism existing naturally in a hypersaline environment, was 
used to evaluate the COD removal in produced water (Bonfá et al., 2011). The 
produced water with approximately 100 g/L of NaCl and 1345 mg/L of COD was 
biodegraded for 168 h, and resulted in 13 to 87% removal of COD.   
Moussavi et al. (2017) studied the impact of stimulated microorganism to have more 
enzymatic activity and the decrease in hydraulic residence time. The influence on 
the ratio of total hydrocarbons and H2O2 added to production of peroxidases and 
biosurfactants in-situ, substances which will support the biodegradation and 
bioavailability of the hydrocarbons, was investigated by this group.  A removal of 
total petroleum hydrocarbons (TPH) near to 100 % was achieved with 4 hours of 
residence time on a sequencing reactor operated without showing a conditioning 
time for the next run. 
3.2.3.2 Combining membrane and bio-reactor 
A particular case of biodegradation and a membrane process combined is the 
membrane bio-reactor (MBR). This may be designed as two separated units or one 
single unit, like the submerged membrane inserted on the same vessel of the 
activated sludge. The main advantages of the MBR process is the membrane 
dispenses with the necessity of a clarifier and there is a smaller footprint for 
biodegradation. 
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A production company investigated the COD reduction on produced water varying 
the hydraulic retention time (16-32 hours) and solids retention time (60-120 days) 
on a submerged hollow fiber ultrafiltration (Janson et al., 2014). The permeate fluid 
had a removal in the range: 58-63% as COD and 49-62% as TOC removal. 
One particular test was undertaken using a submerged MBR with oily and high 
salinity water (Soltani et al., 2010). This test used a polypropylene 0.2 µm 
membrane with an aerated natural microorganism from produced water and sea 
sediments contaminated by oil. Total organic compounds decreased exponentially 
in the first 10-15 hours, and total degradation was achieved after 10 days of 
operation, showing the oil was mainly composed of biodegradable compounds 
under high salinity.  
Real produced water was treated with submerged MBR hollow fiber (0.1µm) under 
10 L/m²h flux (Kose et al., 2012) for a period of more than 9 months. The COD 
removal was kept above 80-85% with total abatement for light hydrocarbons (C9-
C13) and high reduction for bigger carbon chain (C13-C40). The permeability could 
be restored to 60% with physical cleaning and 95% with chemical cleaning. 
3.2.4 Oxidative process 
3.2.4.1 Oxidation process 
The advanced oxidation process (AOP) utilizes highly reactive radicals such as 
hydroxyl radicals (OH·) to primarily degrade impurities of organic and inorganic 
nature in water. Since hydroxyl radical is an extremely unstable state and have high 
reactivity with low selectivity, it is produced in-situ. The hydroxyl radicals can 
usually be produced by the following reactions: Fenton in acid conditions (Eq. 1-Eq. 
7); ozonation (Eq. 8); ultraviolet (UV) radiation and ozone (Eq. 9 and Eq. 10); ozone 
and hydrogen peroxide (Eq. 11 and Eq. 12); UV with a catalyst (Eq. 13-Eq. 16), or UV 
and hydrogen peroxide (Eq. 10). (Thiruvenkatachari et al., 2008; Deng and Zhao, 
2015). 
Classical Fenton Reactions  
𝐅𝐞𝟐+ + 𝐇𝟐𝐎𝟐 → 𝐅𝐞
𝟑+ + 𝐎𝐇 · +𝐎𝐇− Eq. 1 
𝐅𝐞𝟑+ + 𝐇𝟐𝐎𝟐 → 𝐅𝐞
𝟐+ + 𝐇𝐎𝟐
· + 𝐇+  Eq. 2 
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𝐎𝐇 · +𝐇𝟐𝐎𝟐 → 𝐇𝐎𝟐
· +𝐇𝟐𝐎 Eq. 3 
𝐎𝐇 · +𝐅𝐞𝟐+ → 𝐅𝐞𝟑+ +𝐎𝐇−  Eq. 4 
𝐅𝐞𝟑+ + 𝐇𝐎𝟐
· → 𝐅𝐞𝟐+ + 𝐎𝟐𝐇
+  Eq. 5 
𝐅𝐞𝟐+ + 𝐇𝐎𝟐
· + 𝐇+ → 𝐅𝐞𝟑+ +𝐇𝟐𝐎𝟐  Eq. 6 
𝟐𝐇𝐎𝟐
· → 𝐇𝟐𝐎𝟐 + 𝐎𝟐 Eq. 7 
Reactions with Ozone  
Ozonation:   
𝟑𝑶𝟑 +𝑯𝟐𝑶 → 𝟐𝑶𝑯 · +𝟒𝑶𝟐 
Eq. 8 
Ozone and UV: 𝑶𝟑 +𝑯𝟐𝑶
𝒉𝝊
→𝑯𝟐𝑶𝟐 + 𝑶𝟐 
Eq. 9 
 𝑯𝟐𝑶𝟐
𝒉𝝊
→𝟐 𝑶𝑯 · Eq. 10 
Ozone and H2O2: 𝑯𝟐𝑶𝟐 → 𝑯𝑶𝟐
− +𝑯+  Eq. 11 
 𝑯𝑶𝟐
− + 𝑶𝟑 → 𝑶𝑯 · +𝑶𝟐
− + 𝑶𝟐 Eq. 12 
Reactions with UV  
TiO2 as catalyst 𝑻𝒊𝑶𝟐
𝒉𝝊
→ 𝒆− + 𝒑+ Eq. 13 
 𝒆− +𝑶𝟐(𝒂𝒅𝒔𝒐𝒓𝒃𝒆𝒅) →𝑶𝟐
·− Eq. 14 
 𝒑+ +𝑯𝟐𝑶(𝒂𝒅𝒔𝒐𝒓𝒃𝒆𝒅) →  𝑶𝑯 · + 𝑯
+  Eq. 15 
 𝒑+ + 𝑶𝑯−→𝑶𝑯 ·  Eq. 16 
    
Hydroxyl radicals are highly reactive and non-selective to the impurities and they 
act mainly by taking a hydrogen atom from polluting compounds, being 
implemented on the double bonds at the pollutant, or relocating their electron to 
others molecules. There is a small amount of published research regarding 
advanced oxidation to treat produced water and only slightly more focused on 
refinery wastewater. This is may due to refineries has to comply with more stringent 
legislation and the opportunity to reuse water into the refining process.   
Although, the industry has shown an increased interest for AOP applied to produced 
water especially when polymers are present, like in the case of EOR, or just after a 
hydraulic fracturing operation. The higher viscosity of water caused by the presence 
of polymers affects the removal efficiency of the physical treatment broadly used on 
the existing upstream sites.  
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Advanced oxidation (O3/UV/TiO2) at 25°C was performed on produced water 
containing salinity, COD, O&G, Phenol, sulfide and ammonia, respectively as: 38000, 
2865, 315.2, 2.450, 28.3, 47.5 mg/L (Corrêa et al., 2010). The ozone generator had 
an oxygen flow of 10L/h (600 mg O3/h) and the reactor (10cm diameter, 40 cm 
height) had an UV lamp (100 W, mercury lamp) and catalyst concentration of 1g/L 
of TiO2 (75% anatase, 25% rutile). The removal efficiency obtained after 30 min in 
a batch mode for COD, O&G, phenol, sulfide, ammonia was respectively: 73.5%, 95%, 
100%, 83.4% and 12%.  
Fenton and photo-Fenton reactions were conducted on synthetic produced water 
containing concentration of O&G equal to 40 mg/L and 5 mg/L of phenol. The 
reactions were carried out at a pH value of 3 with 30% (w/w) of H2O2, using iron 
sulfate heptahydrate (FeSO4·7H2O) and a xenon lamp in order to simulate solar light 
giving irradiance of 250 W m-2 (290-800nm). The Fenton process achieved removal 
of phenol equal to 72% and only 10.7% for O&G, under 2660 mg/L of H2O2 and 133 
mg/L of Fe2+. However, when the iron concentration increased, the process had a 
removal of 73.7% in O&G and 84% in phenol after a reaction of 3 hours under 600 
mg/L of H2O2 and 300 mg/L of Fe2+ (Jiménez et al., 2017).  
The industrial application of advanced oxidation on pharmaceutical and chemical 
sectors was once summarized with range of the following parameters: flow rates of 
5-500 m³/day, COD range of 1000- 100,000 mg/L and cost $0.5-$22 USD/m3 
(Sörensen et al., 2015). Sustainable information was not found concerning 
applications for larger scale of AOP and produced water and this is suitable when 
persistent dissolved organic is presented in the treated effluent. This technology can 
be a good candidate for diminishing the viscosity on flowback of EOR or as a tertiary 
treatment of natural produced water. 
3.2.4.2 Anodic oxidation 
Anodic oxidation relies on the process of oxidizing organic compounds by direct 
donation of electrons or generation of an oxidizing agent, and it can be referred as 
to electrochemical advanced oxidation process. The oxidants in this process are 
produced on the anode with a donation of electron to a water molecule or oxygen. 
Although, the presence of some other ions in the solution can produce oxidizing 
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agents, like: active chlorine species, persulfate, perphosphate, percarbonate, and 
hydrogen peroxide (Moreira et al., 2017). The efficiency and route for promoting 
oxidation is highly dependent on the anode chemistry nature to be more or less 
prone to have selectivity on the reactions. There are types of electrodes resistant to 
corrosion like noble metals (Pt), metal oxides (TiO2, Ti4O7, Ti5O9, RuO2, PbO2) and 
boron doped diamond (BDD).  
Produced water from a heavy oil field was treated with BDD electrodes with 7mm 
spacing and anodic area of 22 cm² (Ghanem et al., 2016). The current density was 
varied from 5 to 12.5 mA/cm² and treatment time up to 7 hours with the supporting 
electrolyte being NaCl or Na2SO4. The produced water had a conductivity of only 336 
µS/cm and the potential of this system was from 10 to 19 Volts. The COD was 
removed by 97% within 5 hours and 6.4 mA/cm². 
A pilot trial was performed using anodic oxidation on produced water from two 
basins in the U.S. (Fraim and Jakhete, 2015). The unit had a non-specified metal 
oxide electrode and gap between electrodes from 3 to 50 mm, depending on the type 
of water to be treated. The flow rate was within a range of 95 to 382 m³/h and 
energy consumption was 0.25 to 0.31 kWh/m³. The unit took three to four days for 
treating the water present in the collected pound which resulted in no presence of 
the bacteria tested (General Heterotopic Bacteria, Acid Producing Bacteria and 
Sulfur Reducing Bacteria), however no TOC removal was specified. 
Real produced water was recirculated in a cell containing a RuO2-TiO2-SnO2 anode 
(19cm²) under 89 mA/cm² as current density at 25°C. The original water sample 
contained COD of 1250 mg/L, polycyclic aromatic hydrocarbons (PAH) from 16.9 to 
24.3 mg/L, pH value from 6.5 to 6.9, turbidity equal to 7.4 NTU, and concentration 
of NaCl as 15000 mg/L. The treatment resulted in a global organic removal of 96% 
and treatment time and energy consumption, respectively, equal to 0.8 and 1.3 l/h; 
0.75 and 0.5 h; 1.58 and 0.97 kWh/m³ (Ramalho et al., 2009).  
Since the time of reaction found in the literature is extremely long, the optimal 
operational parameters and anodic material and its activity still remain to be found 
for produced water. 
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3.2.5 Thermal technology 
3.2.5.1 Evaporation 
Evaporation is the only suitable process of desalination today for water with salinity 
higher than 50000 mg/L. However, in comparison with RO, distillation would be a 
more robust treatment for produced water given the fact that the membrane 
desalination is much more sensible to upsets and organic irreversible fouling. In 
production of heavy oil, steam is used to assist with the extraction of these 
hydrocarbons, called steam-assisted gravity drainage (SAGD), a common practice in 
Canada. The dominant technology in this country for generation of steam is 
mechanical vapor compression (MVC) and its energy demand can achieve 1/20th of 
the energy needed by other evaporative technologies, which range from 25 to 200 
kWh/m³ (Heins, 2010; Chen et al., 2011). 
MVC consist in compression of produced water vapor, and in accordance with the 
second thermodynamic law, enthalpy will be released. This is due to the fact entropy 
can never decrease with the time and a consequence of this is when compressing a 
vapor (decreasing volume or order state and increasing pressure) this will release 
enthalpy (heat energy). In other words, more energy to evaporate a higher portion 
of produced water is given when a compression work is inputted into the system. 
This compressed vapor with higher energy will pass through a heat exchanger 
generating condensate and the extra heat will be donated to the produced water.  
The water recovery of MVC ranges from 1 to 5%.  The capital cost for MVC is 
estimated to be between $1,000-$1,300 USD/m³/day and operational cost of $0.5-
$1.2 USD/m³of product water (Chen et al., 2011). Furthermore, the energy 
consumption is estimated to be 8-15 kWh/m³ for produced water cases (Das, 2012). 
Although they did not mention how much the pretreatment cost, which will usual 
need suspended solids, iron and organic removal, and calcium stable water. 
An existing plant using MVC on produced water had a robust operation with no 
fouling or scaling presented after more than 8 months of operation and a cleaning 
cycle preformatted only once per month. The produced water had 225 mg/L of TOC 
and 154 mg/L as silica with a typical range of TDS from 1000 to 10000 mg/L. The 
energy consumption was around 18-19 kWh/m³ producing 97-98% of evaporated 
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water, where the operation was 75% under the total capacity designed. (Heins, 
2008; Heins, 2010). In this scenario, the operational cost was near $1 USD/m³ (0.16 
USD/bbl), considering the energy cost of $0.06 USD/kWh, and according to the 
authors this is the single largest operational cost. However, the produced water used 
had a minimal amount of hardness encountered which diminishes the pretreatment 
cost. 
MVC is robust for treating de-oiled produced water and can generate high quality 
water, and there are examples of full plants operating with a flow of 2400-47700 
m³/day (Aroussi et al., 2012; Heins, 2008). 
3.2.5.2 Eutectic freeze crystallization 
This crystallization relies on the equilibrium of phases near the eutectic point. In 
this point, where at a certain temperature and pressure, varying according to the 
salt chemistry, the solution is saturated and further cooling will result in pure ice 
and salts forming. The difference of density between ice and the saline solution 
makes the recovery of pure water and pure salt possible and facilitated, using right 
operating conditions.  
Places with cold winters have the energy advantages since sparkling produced 
water at ambient temperature will produce: ice and unsaturated solution, or ice and 
salt, or salt and saturated solution, according to the operating temperature and 
pressure. In the northern US, there are two plants operating with capacity more than 
151 m³/day (Drewes et al., 2009). The produced water before passing through this 
process had 9790 mg/L of TDS and 39.1 mg/L of TPH. However, after the separation 
it was possible to recover 57% of the water having 1000 mg/L of TDS and 3.1 mg/L 
of TPH.  A 37% portion of the feed resulted in a brine with 44900 mg/L of TDS and 
63.2 of TPH and the remaining portion evaporated (Boysen, 2002).  
More studies on mixed salts for concentrations found in produced water with oil 
traces can be further evaluated; even though all freeze crystallization processes 
have lower operating costs and lower environmental impact than those using 
evaporative technologies to produce salt crystallization (Fernández-Torres et al., 
2012).  
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3.2.6 Adsorption and ion-exchange 
Adsorption and ion exchange processes rely on sorption reactions or phenomena 
that start at the solid-water interface. The progress and efficiency of these processes 
will depend on the chemical nature and quantity of the active sites available. The 
higher the material surface area, the higher the total active sites location of the 
material, these are usually: clay minerals, zeolites, oxides, polymers, and 
carbonaceous. In adsorption, the impurity, in this case hydrocarbons, will be 
attached on the surface of the material because of the better chemical affinity to the 
solid surface rather than to water. Both mechanisms achieve the saturation when 
the reaction becomes reversible, and at this point regenerating must be done with a 
chemical solution, steam at higher temperature, or purging with low pressure to 
continue in the upcoming cycles.  
A study using activated carbon as a polishing treatment in a pilot scale concluded 
that oil concentration around 19 mg/L was already high and it achieved the 
saturating very quick during the operation. For these reason, activated carbon was 
not recommended, even though the outlet had an oil concentration of 5mg/L on 
average (Al-Maamari et al., 2014). In addition to the practical/operational problems 
that the activated carbon poses, this method can become an expensive treatment for 
high oil concentration (Doyle et al., 2000). Although activated carbon has its 
downside, this presents a great affinity with soluble organic compounds like 
Benzene, toluene, ethylbenzene and xylene (BTEX), compounds difficult to separate 
from water (Doyle et al., 2000).  
In an ion exchange process, a capture of ions by the resin occurs, and during this 
reaction hydrogen or less problematic ions are released. The capture of cations like 
calcium, magnesium, or boron, that are toxic or cause problems in other treatment 
units, will occupy the vacancy site left by the original ligand. Ion exchanger can be 
used to soften the produced water before RO and groundwater discharge (Webb et 
al., 2009) and also for the removal of hydrocarbons (Doyle et al., 2000). 
Organoclays were tested in the field and operational data shows a reduction for 
petroleum hydrocarbons on average of: 93.7% in oil and grease; 27% in benzene; 
58% in toluene: 72.3% ethylbenzene: and 71% in xylene concentration (Doyle et al., 
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2000).  In this case, organoclays substituted the granular activated carbon unit in 
the plant for treating gasfield produced water. This was done because the activated 
carbon had to be replaced every three weeks and the organoclays performed better, 
reaching the saturation after only two months of operation. A conservative load 
factor was proposed for organoclays equal to 0.5 mg of hydrocarbons per mg of ion 
exchange material.  
A cation resin unit was tested with produced water from a coal bed methane field 
and it was capable to treat 1.1-2.2 m³ of produced water per 1 m³ of regenerable 
resin (Dennis, 2007). One sample from the field after being treated showed a 
reduction of barium from 320 to <100 ppb and SAR from 39 to 0.1. 
Oilfield produced water samples were passed through cation and chelating resins to 
evaluate the selectivity towards scale forming, hardness forming ions, and boron 
(Patil et al., 2015). The results from the laboratory tests showed iminodiacetic acid 
resin was more selective towards hardness, while sulphonic acid base more 
effectively decreased iron, barium, and strontium concentrations, whereas N-
methylglucamine resin decreased boron. During its first cycle the resins had good 
removal efficiency, but they showed poorer results after regenerations, i.e. boron 
was 100% removed on a virgin resin, but after its third cycle only 89% was managed 
for the glucamine material. 
Sand filtration followed by granulated activated carbon (GAC) and ion exchange was 
evaluated as a pretreatment to an RO process (Dastgheib et al., 2016). Although the 
GAC had a removal from 50% or more in Dissolved organic carbon (DOC), and the 
ion exchange was efficient in removing calcium a magnesium from water, this 
pretreatment couldn’t avoid flux loss for the RO process when compared to 
microfiltration as a pretreatment. 
A summary of the studies presented on this section is shown in Table 9. The unit 
operations here presented offer good results but there are disadvantages 
sometimes like: high residence time, footprint, pretreatment not specified, cost or 
question for stable operation, especially for the membrane process.  
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Table 9. Summary of literature review and comparison between unitary operations and 
disadvantages 
Unit operation Cost [USD/m³] Comment Author 
MF  severe and irreversible fouling Ebrahimi et al., 2010 
MF  severe fouling Xiong et al., 2016 
MF  severe flux declination Motta et al. 2016 
MF  severe fouling Zsirai et al., 2016 
MF 0.23 good results but high transmembrane pressure Weschenfelder et al., 2015 
UF  
good results but polymeric membrane with less chemical 
resistance 
Asatekin and Mayes, 2009 
UF  
good results but extensive pretreatment using: sedimentation, 
coagulation and sand filtration 
Li et al., 2006 
UF  
good results but polymeric membrane with less chemical 
resistance 
He et al., 2008 
NF  extensive pretreatment using microfiltration Çakmakci et al., 2008 
NF  good results but extremely high transmembrane pressure Visvanathan et al., 2000 
RO 3.7 Pretreatment using NF as pretreatment Muraleedaaran et al., 2009 
RO  good results and pretreated with EC for 30 min Zhao et al., 2014 
RO  good results and pretreated using NF Visvanathan et al., 2000 
FO  
fouling and flux declination. Use of pretreatment was 
recommended 
Minier-Matar et al., 2015 
FO  
good results but test with small  volume of water and extensive 
cleaning 
Zhao et al., 2017 
FO  good performance and stable flux Bell et al., 2017 
ED  better results for seawater treatment when compared to NF Anres et al., 2014 
ED  
good results in a sample core formation aiming oil recovery but 
pretreatment using UF 
Liu et al., 2007 
ED 1.59-4.77 stable process and pretreatment using GAC-FBR Miller et al., 1997 
ED 0.89 kWh/m³ good results for TDS removal Guolin et al., 2010 
Biological 0.26 residence time of 5.6 hours Wang et al., 2011 
Biological  residence time of 168 hours Bonfá et al., 2011 
Biological  residence time of 4 hours Moussavi et al., 2017 
MBR  residence time from 16 to 32 hours Janson et al., 2014 
MBR  residence time starting from 10-15 hours Soltani et al., 2010 
MBR  high residence time Kose et al., 2012 
AOP  residence time of 30 min and batch mode Corrêa et al., 2010 
AOP  residence time of 3 hours Jiménez et al., 2017 
Anodic oxidation  residence time of 7 hours Ghanem et al., 2016 
Anodic oxidation 0.25 kWh/m³ 4 days to complete the treatment of a pound Fraim and Jakhete, 2015 
Anodic oxidation 0.97kWh/m³ 
removal of 100% was obtained starting with 30 min of residence 
time 
Ramalho et al., 2009 
MVC 
0.5-1.2 (8-15 
kWh/m³) 
very high quality of water after treatment but pretreatment was not 
specified 
Cheng et al., 2011 
MVC 1 (18-19 kWh/m³) pretreatment not specified and water with low hardness Heins, 2008 and 2010 
Crystallization  large foot print and low cost process only in winter climate 
Boyen, 2007; Drewes et al., 2009; 
Fernandéz-Torres et al., 2012 
Activated carbon  
achieve saturation very fast and expensive treatment for high oil 
concentration 
Al-Maamari et al., 2014; Doyle et al., 
200 
Organoclay/ cation 
resin 
 
constant maintenance and large footprint for high oil concentration 
and flow 
Doyle et al., 2000; Dennis, 2007 
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3.3 Electrocoagulation  
Electrocoagulation (EC) is the process that forces an oxidation of a metal on the 
anode by imposing a current and consequently a migration of electrons to the 
cathodic area occurs. The metal oxidized, called coagulant, is released to water and 
it is responsible for promoting destabilization of the pollutants present in water 
phase. The theory of stabilization and destabilization of particles with theory of EC 
is presented in the following sections. 
3.3.1 Colloidal Stability Theory 
The material in water can be classified as dissolved, having size smaller than 
approximately 10-6 mm, or when bigger, as dispersed state. Particles smaller than 
approximately 10-5 mm are referred as colloids and these can take hours to years 
for settling because of the electric repulsive force present in its surface. The 
dispersed matter, or the colloids, usually have a negative charge on the surface due 
to the presence of functional groups with negative charge in moderately acid to 
alkaline pH. In the case of solids, like clay minerals, non-perfect crystals the electric 
unbalance lattice layer creates also a total negative charge. In nature, negatively 
charged particles are very common and for hydrocarbon oil drops dispersed will 
present a negative surface charge as represented in Figure 2.  
The total charge present in the surface of the particle attracts conter-ions which will 
be more rigidly adsorbed to the surface and co-ions will be repelled, forming the 
inner region, referred to as Stern layer. This imbalance of electrical potential and the 
thermal motion will distribute ions in a second region, referred as diffusive layer, to 
achieve a more neutral total charge. The different distribution of ions represented 
in Figure 2 will create a corresponding electrical potential being functional of the 
distance. The region correlated to the stern layer and the diffusive layer are called 
electrical double layer. The electrical repulsive force resulting inside the double 
layer will avoid approximation of a second particle similarly charged in this region, 
thus creating a stable suspension.  
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Figure 2. Representation of the electrical double layer 
3.3.2 Theory of Electrocoagulation 
The electrodes most commonly used are iron and aluminum, but when comparing 
both, the iron electrode exhibits some disadvantages. The buffer capacity using iron 
is smaller and the solubility of one of its oxidized forms (Fe2+) is high. This favours 
the availability of the species that contributes less to a colloid destabilization than 
other hydrolyzed forms or ions with higher valence numbers (Hakizima et al., 2017). 
In this research, the metal used is aluminum and the reaction of main interest 
occurring is on the anode and presented in Eq. 17 and Figure 3. The accumulation of 
electron density on the cathode with the presence of water molecules will allow the 
formation of hydrogen gas (Eq. 18 and Figure 3). Additionally, parallel reactions can 
occur making EC a complex mechanism, as in the anodic evolution of water to 
oxygen (Eq. 19) and/or to chlorine (Eq. 20- Eq. 21). This latter if present in the 
water, can result in strong oxidants. 
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Figure 3. Exemplification of Eq. 17and Eq. 18 inside the EC reactor. Inert electrode is usually the same 
material of the anode  
  Anode: 𝑨𝒍(𝒔) → 𝑨𝒍
𝟑+
(𝒂𝒒) + 𝟑𝒆
−  
Eq. 17 
Cathode: 𝐇𝟐𝐎 + 𝐞
− →
𝟏
𝟐
𝐇𝟐(𝐠𝐚𝐬) + 𝐎𝐇
−
(𝐚𝐪)  Eq. 18 
Reactions concurrent  
𝑯𝟐𝑶 →
𝟏
𝟐
𝑶𝟐 + 𝟐𝑯
+ +  𝟐𝒆−  
Eq. 19 
𝐂𝐥− →
𝟏
𝟐
𝐂𝐥𝟐 + 𝐞
−  Eq. 20 
𝐂𝐥𝟐 + 𝐇𝟐𝐎 → 𝐂𝐥𝐎𝐇 + 𝐂𝐥
− + 𝐇+ Eq. 21 
The possible formation of oxidants in the presence of organic matter can generate 
halogenate organic compounds as by-product, which has a strong toxicity. Although 
for some reuses, such as reinjection to the reservoir, those byproducts would not 
have an impact on the environment. In the case of the produced water meeting a 
sustainable filtration operation, NF can reject considerably those toxic organic 
halogens (Ernst and Jekel, 1999). 
The concentration of coagulants released in water Al3+, considering only the 
electrolysis phenomena, is linked with the charge according to Faraday´s law. The 
theoretical aluminum concentration, Cal in mg/L, is as follows: 
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𝐂𝐀𝐥𝟑+ =
𝐌
𝐳𝐅
×
𝐈𝐭
𝐕
=
𝐌
𝐳𝐅
×
𝐐
𝐕
 
Eq. 22 
Where M, I, t, z, F, and V are the molecular weight of aluminum (27 g/mol), the 
current (Amperes), the electrolysis time (seconds), metal valence for aluminum 
(+3), Faraday´s constant (96500 C/mol), and volume of treated water (L) 
respectively.  Q/V is the charge per volume of water (C/dm3).  
However, experiencing a concentration of aluminum different from Faraday´s law is 
repeatedly reported in the literature (Cañizares et al., 2007; Mechelhoff et al., 2013). 
This is due to the attack the electrodes suffer in an acid or alkaline environment, as 
shown on Eq. 23 and Eq. 24, or if chloride is present, pitting corrosion may happen 
(Eq. 25-Eq. 26).  Mechelhoff et al. (2013) studied the pH profile between electrodes 
with the electrode gap and concluded the pH near to the cathode would be bigger 
than 10 if the gap is higher than 1.5 mm. Furthemore, the region near the anode 
would have a pH value around 5.5, facilitating the chemical dissolution of the 
aluminum electrodes. In this study, it was also concluded the rough electrodes 
express de-passivation behavior of the oxidative spontaneous forming layer, even if 
water entering the EC cell at neutral pH (Mechelhoff et al., 2013). This indicates the 
cell design will influence the pH profile inside the cell and consequently the release 
of aluminum by chemical dissolution. 
Attack of electrodes material 
𝐀𝐥 +  𝟑𝐇+ → 𝐀𝐥𝟑+ + 
𝟑
𝟐
𝐇𝟐  
Eq. 23 
𝐀𝐥 + 𝟑𝐇𝟐𝐎 +𝐎𝐇
−  → 𝐀𝐥(𝐎𝐇)𝟒
− + 
𝟑
𝟐
𝐇𝟐  Eq. 24 
𝐀𝐥 +  𝟑𝐇𝐂𝐥 → 𝐀𝐥𝐂𝐥𝟑 + 
𝟑
𝟐
𝐇𝟐  Eq. 25 
𝐀𝐥𝐂𝐥𝟑 + 𝟑𝐇𝟐𝐎 → 𝐀𝐥 (𝐎𝐇)𝟑 + 𝟑𝐇𝐂𝐥  Eq. 26 
The precipitation of some anions (like sulfate) can occur on the surface of the 
electrodes, or even a direct adsorption of strong anions, such as fluoride, can occur 
into the anodic surface forming a gelatinous layer. This accumulation of layer, 
referred as to build-up, could lead to a less energy efficient process (not necessarily 
the production rate of metals), and the presence of some corrosion promoters can 
retard or diminish this effect. Therefore, an electrode surface cleaning routine is 
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necessary from time to time during the operation (Moussa et al., 2017; Khandegar 
and Saroha, 2013; Hakizimana et al., 2017, Zhu et al., 2007).   
In the bulk of the solution, the aluminum cation released will be spontaneously react 
with water forming aluminum hydroxides with different Al/OH ratios, these are  
products from Eq. 27 to Eq. 30. Besides these aluminum hydroxides, the presence of 
some polymeric species is reported, such as: 
Al13O4(OH)24
+7, Al7(OH)17
+4, Al8(OH)20
+4, Al6(OH)15
+3 . It is worth noting amorphous 
Al(OH)3 has low solubility in water and precipitates with a high positive surface 
charge, such as the polymeric species, forming the so-called “flocs.” 
Bulk: 
 𝐀𝐥𝟑+ + 𝐇𝟐𝐎 ↔ 𝐀𝐥(𝐎𝐇)
𝟐+ + 𝐇+ 
 
Eq. 27 
𝐀𝐥(𝐎𝐇)𝟐+ + 𝐇𝟐𝐎 ↔ 𝐀𝐥(𝐎𝐇)𝟐
+ + 𝐇+  Eq. 28 
𝐀𝐥(𝐎𝐇)𝟐
+ + 𝐇𝟐𝐎 ↔ 𝐀𝐥(𝐎𝐇)𝟑 + 𝐇
+    Eq. 29 
𝐀𝐥(𝐎𝐇)𝟑 + 𝐇𝟐𝐎 ↔ 𝐀𝐥(𝐎𝐇)𝟒
− + 𝐇+ Eq. 30 
The pH value and coagulant dosage will determine the specimens presented in 
water after achieving the equilibrium and these will dictate the predominance of a 
mechanism of destabilization. These theoretical mechanisms are further discussed 
in the next subsection. 
Effect of pH value on the aluminum specimens  
In a small coagulant dosage, in order of 1x10-4 mol/L of aluminum, the effect of pH 
over the specimens of hydroxide aluminum with enough time to reach the 
equilibrium is as follow: 
 At pH value around 5, roughly half of the aluminum concentration will be 
presented as Al+3. The other half percentage of the coagulant will be presented 
as Al(OH)3 precipitated. For pH values under 5, a sharply increase of aluminum 
cation fraction will be observed. 
 At pH value near of 8, half of the specimens will be presented as Al(OH)3 and the 
other fraction will be AL(OH)4-. At higher pH values the negative aluminum 
hydroxide will be favored. For higher pH values a slower decreased will be 
observed in the equilibrium.  
 44 
 
The effect of dosage of coagulant  
As the dosage of coagulant increases, the neutral charged specimen of aluminum 
will be present over a larger pH range. For dosage of 1x10-3 mol/L of aluminum, the 
specimens presented with enough time to reach equilibrium are as follows: 
 At pH value 5, roughly over 70% of aluminum will be presented as the neutral 
precipitated, Al(OH)3. For pH value under 4, no neutral precipitated will be 
present and over 80% of the aluminum inserted in water will be as Al+3. 
 At pH value around 9.5, roughly half of aluminum will be as Al(OH)4- and the 
remaining fraction will be Al(OH)3.  
3.3.3 Mechanism of Abatement of Impurities  
In traditional coagulation, the pH value decrease as result of the reactions of 
hydrolysis of aluminum (Eq. 27 -Eq. 30), and an augmentation of pH is necessary in 
many cases of the wastewater treatment. However, in EC there is a buffer effect in 
water since there is also hydroxyl being generated as well on the cathode (Eq. 18). 
Thus, buffer behavior is certainly an advantage over the traditional chemical 
coagulation and it is even more advantageous for oilfield, since no handling and 
transportation of alkaline and dangerous substance is necessary. Harif et al. (2012) 
concluded EC is able to produce flocs in a wider range of pH at a faster apparent rate 
compared with the chemical coagulation. This would suggest EC is more suitable for 
smaller time of flocculation required. 
For the reactions above, their equilibrium constants allow the calculation of each 
species concentration over the pH value. However, in wastewater treatment 
operations, the destabilization of the compounds can happen before the equilibrium 
of those mentioned reactions is achieved. Furthermore, these theoretical calculated 
concentrations have a simplification, which does not account for the polymeric 
species and those have an important influence on coagulation. 
The abatement of the impurities, especially the negatively charged ones, is closely 
related with those positive surface charged specimens created by the coagulant 
added in the EC. The impurities found in the produced water can be grouped as: 
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soluble organic and inorganic compounds; dispersed organic and inorganic matter; 
and microorganisms. 
Dispersed matter abatement 
The electric repulsion force, described at the Colloidal Stability section, prevents 
particles from being approximate to one another. Nevertheless, a natural attraction 
force between particles (van der Waals) will be always acting. This balance of 
repulsive and attractive force is the basis of the DLVO (Derjaguin-Landua-Verwey-
Overbeek) theory for understanding the stability of dispersed oil droplets or solids 
in the produced water.  
The removal of the hydrophobic dispersed compounds must first pass through the 
destabilization to further agglomerate (flocculate) within a practicable time for 
processes and easily removed from water. The coagulants are compounds 
responsible to reduce the repulsive force between two charged particles and in EC, 
those are generated in-situ. This destabilization promoted by the coagulant can 
occur by four different mechanisms, as the theory is briefly described below: 
 COMPRESSION OF THE ELECTRICAL DOUBLE LAYER- the thickness of a double 
layer can be reduced introducing conter-ions on it with high valence (like Al3+) 
and this will reduce the repulsive force by the distance. This allows particles 
come closer, increasing the probability of encountering and conglomeration.  In 
the practice, this mechanism occurs in a very limited range of coagulant 
concentration and after this critical point restabilization occurs.  
 ADSORPTION/CHARGE NEUTRALIZATION- once the adsorption of counter-ions 
with high valence number in the surface of the charged negative surface occurs, 
the electrical repulsive energy is diminished with the distance. Summing the 
energy, the net interaction will turn into attractive since the van der Waals 
become dominate. In the practice, this mechanism occurs in a coagulant 
concentration higher than the critical concentration for the compression of 
electrical double layer and can be dominant for a larger range of coagulant 
concentration. Although, restabilization of dispersive state is possible if the 
coagulant concentration is much higher to the compared the pollutant 
concentration, since the net charge near of the surface will turn positive.  
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 ADSORPTION/BRIDGING- the coagulant is polymerized and different parts of 
the polymer chain are adsorbed in other colloidal particles. This polymer 
bridges different pollutant particle and allow then to come closer, resulting in a 
bigger particle. If an overdose of coagulant is practice, the polymeric chain will 
be mostly adsorbed in only one particle surface creating steric resistance for 
approximation of another particle. In this case, a restabilization will occur. 
These both mechanisms involving adsorption will result in restabilization, as it 
is shown in Figure 4 at the point CSC (critical stabilization point). The adsorptive 
mechanism are dependent on the pollutant concentration and until enough 
coagulant concentration is not reached, no destabilization will be observed and 
this is illustrate at the point CCC1 (Critical coagulant concentration) in Figure 4. 
 ENTRAPMENT IN THE FLOCS (SWEEPING)- higher coagulant salt dosage in 
water will form an insoluble precipitate in a broader pH range. These flocs 
migrating for the extreme of the vessel and conglomerating will entrap the 
dispersed particles on it, like sweeping the water phase. In this mechanism, no 
restabilization will occur.  The higher dosage for this mechanism is demonstrate 
as the point C2 or CCC2 in Figure 4. 
These mechanisms can happen simultaneously and the prevailing mechanism(s) 
can be dictated by the pH value, coagulant dosage, as mentioned in the previous 
subsection, and colloid concentration. For high colloid concentration, like at C1 
illustrate in Figure 4, restabilization of the suspended state will not happen and only 
two regions are possible: insufficient coagulant or destabilization.  
Although at very low colloid concentration until a critical point, point A, in Figure 4, 
little opportunity for two particles to make contact is seen and the coagulant dosage 
must be considerable high to destabilize. The only mechanism possible for this case 
is sweep coagulation. For intermediate colloid concentration, from point A to point 
C1 in Figure 4, four regions are possible with function of the augmentation of 
coagulant dosage. Those regions are from lower to higher coagulant dosage: 
insufficient coagulant; enough coagulant for adsorption/destabilization; 
restabilization; and destabilization for enmeshment (Bratby, 2006).  
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Figure 4. scheme of destabilization and restabilization zones for colloid concentration and 
coagulant dosage at a given pH (adaptation of Bratby, 2006) 
Soluble compounds abatement 
The abatement of dissolved organic compounds can be made possible by the 
following mechanisms: enmeshment on the flocs generated, electrochemical 
oxidation, complexation of organic compound with hydrolyzed aluminum, and 
electrostatic attraction to the aluminum hydroxide (Hakizimana et al., 2017, 
Kabdaşlı et al., 2012).  
For the ions, or functional groups in molecules easier to reduce or oxidize, oxidation-
reduction reactions may happen on the electrode surface. This is the case for the 
reduction of Cr(VI) to Cr(III), and the oxidation of As(III) into As(VI). Additionally, 
some contaminants become adsorbed on the electrodes forming a passivation layer 
on the surface, as is the case for the fluoride. Abatement of hardness can occur with 
EC by the precipitation of carbonate and sulfate on the alkaline conditions at the 
cathodic region through the reactions listed in Eq. 31 to Eq. 37. Furthermore, 
carbonate salts can also be enmeshed into the flocs generated. The precipitation is 
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also the possible mechanism of abatement for sulfide anions (Zhao et al., 2014, 
Hakizimana et al., 2016, Hakizimana et al., 2017, Kausley et al., 2017) 
 
𝐇𝐂𝐎𝟑
− +𝐎𝐇− → 𝑪𝑶𝟑
𝟐− +𝑯𝟐𝑶 Eq. 31 
𝐂𝐚𝟐+ + 𝑪𝑶𝟑
𝟐− → 𝑪𝒂𝑪𝑶𝟑 (𝒔) Eq. 32 
𝑪𝑶𝟑
𝟐− +𝐌𝐠𝟐+ → 𝑴𝒈𝑪𝑶𝟑 (𝒔) Eq. 33 
𝑪𝒂𝟐+ + 𝟐(𝑶𝑯)− → 𝑪𝒂(𝑶𝑯)𝟐 (𝒔) Eq. 34 
𝑴𝒈𝟐+ + 𝟐(𝑶𝑯)− → 𝑴𝒈(𝑶𝑯)𝟐 (𝒔) Eq. 35 
𝑺𝑶𝟒
𝟐− +𝐌𝐠𝟐+ → 𝑴𝒈𝑺𝑶𝟒 (𝒔) Eq. 36 
𝑺𝑶𝟒
𝟐− + 𝐂𝐚𝟐+ → 𝑪𝒂𝑺𝑶𝟒 (𝒔) Eq. 37 
Heavy metals like Cu2+, Ni2+ and Zn2+ presented in water can be efficiently removed 
as well using EC. The mechanism possible for heavy metals removal can be through 
adsorption on the aluminum flocs formed or the electro-reduction on the cathode 
(Hakizimana et al., 2017, Mello Ferreira et al.., 2013). 
Microorganism abatement 
The removal of microorganisms using EC is not only related to the enmeshment with 
flocs, but also with the active chlorine released when chloride is present in the 
water. Chloride is very likely to be present in large concentrations in produced 
water. Gao et al. studied the influence of algae removal and chloride in water 
increased, substantially higher cell removal was achieved using aluminum 
electrodes (Gao et al., 2010). In this study, it was found that the EC process without 
chloride caused a slight cell surface deformation and rupture, reinforcing the 
electric filed itself is warful to microorganism cells. Furthermore, when EC was 
performed with chloride, oxidation of the microorganism cell occurs with synergetic 
effect of an electric filed applied creating a more intense breakdown of the cell 
integrity. However, still the exact mechanism of cell damage under electric filed and 
the synergetic effect of the oxidation with chlorine is unclear and in addition, how 
the variation of chloride concentration does not correlate the difference of algae 
removal (Hakizimana et al., 2016; Gao et al., 2010). 
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3.3.4 Operational parameters and efficiency 
The extent of abatement and the operation conditions used in the literature for EC 
investigations was searched to help design the cell for this work. The first criteria 
searched to help this task were high efficiency obtained with EC, and the second was 
a practical treatment time used. 
For such, the treatment time and the current density applied, the removal applied 
in other works are summarized in Table 10. The abatement of TOC and COD is highly 
efficient in many cases; however, the treatment time is extremely high in the 
majority of the studies for this intended application. Only one study (Shuman et al., 
2014) had a more realistic time that could have been thought to replicate in this 
work, in the view of the author, and it was not applied to oil removal or produced 
water. This makes our work extremely innovative on the concept and directed to a 
specific application. 
Table 10. Efficiency of several treatments using EC 
Referece compound 
Current max 
[mA/cm²] 
removal 
max % 
time min anode 
Gap electrode 
(cm) 
Kamaraj et al., 2014 2,4-dichlorophenoxyacetic ac. 10,0 91,0 180 Fe 0,3 
Gao et al., 2010 Algae 2,0 90,0 15 Al 1 
Shuman et al., 2014 Algae 481 90,0 0,07 Ni ~1 
Sari and Chellam, 2015 Boron 80 49,0 ~80 Al - 
Hutnan et al., 2006 COD 133 91,0 15 Al-Fe - 
Ryan et al., 2008 COD 13,7 90,0 87 Fe - 
Cañizares et al., 2008 COD 10,0 73,3 10 al 0,9 
Zhao et al., 2014 COD 5,6 65,0 30 Fe 1,5 
Hamdan and El-Naas, 2014 Cr 15 100 3 Fe - 
Esmaeilirad et al., 2015 Hardness 13 60 0,6 Fe-Al 1 
Vasudevan, 2014 phenol 1 98 30 Fe 0,4 
Karhu et al., 2012 TOC 4.8 100 175 Al-Fe 2,5 
Valero et al., 2011 TOC 20 80 5 Al 1 
Kobya et al., 2015 arsenic 0.2 96,5 20 Fe - 
Martínez-Villafañe et al., 2010 arsenic 3 92,3 0,7 Fe 0,9 
Gamage and Chellam, 2011 DOC 20 - - - - 
Ulu et al., 2015 DOC 3 90 25 Al 0,1 
Emamjomeh and Sivakumar, 
2006 
F- 2.6 100 40 AL 0,5 
Mello Ferreira et al. studied the abatement of heavy metals like copper, zinc, and 
nickel using EC on tap water. Removal above 95% could be obtained using 
aluminum electrodes after 60 min of treatment at 14 A/m² and 0.59 kW/m³ (Mello 
Ferreira et al., 2013).   
Cañizares et al. compared chemical coagulation using salts (AlCl3 or Al2(SO4)3) with 
continuous EC mode (aluminum electrodes) on oil-in-water emulsions with 
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supporting electrolytes being NaCl or Na2SO4 around 3000 mg/L.  It was found that 
for a final pH outside the range of 5-9, no oil removal was obtained and presence of 
chlorides ions favored the oil removal. The aluminum dosage according to oil 
concentration and final pH value were the parameters that most impacted the 
efficiency. (Cañizares et al., 2008). 
 Zhao et al. (Zhao et al., 2014) investigated a pilot EC using iron electrodes on real 
produced water. The maximum efficiency obtained was a reduction of 85.8% in 
hardness, 66.6% in COD, and 93.8% in turbidity after 30 min using a dose of Fe+3 
equal to 23.78 mg/L.  
Aluminum electrodes with contact time ranging from 60 to 30 s were used on real 
coal seam water, and an electricity cost equal to $0.32 USD/m3 at 0.2 USD/kWh was 
obtained. The optimum result was removal of 55% in DOC, 100% in calcium, 99.3% 
in Strontium, 100% in Barium, 100% in iron, 98.3% in Silica, 13.3% in Boron. The 
current was 2.9 Amperes, voltage was 37.9 Volts, and the contact time was 60 s. 
Volts (Millar et al., 2014). 
Isa et al studied the mechanism involving boron removal using electrocoagulation.  
A removal of 99.7% in boron concentration was obtained after 89 min, pH value of 
6.3, and 17.4 mA/cm². Their results showed the chemisorption followed a pseudo 
second order kinetics model and an endothermic reaction in nature (Isa et al., 2014). 
EC aiming for the removal of boron has received more attention lately because this 
element is persistent after treatment with many technologies, increasing the cost 
for its management. The boron concentration is sometimes critical for the reuse of 
produced water in hydraulic fracturing fluids as previously discussed (Rodarte and 
Smith, 2014). 
Thus, those studies here presented and the theoretical background indicate that EC 
has a potential high efficient, compatible cost (Millar et al., 2014 and Section 2.2.3) 
and well suitable technology for the proposed scenario with the constraints 
necessary. 
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4. Materials and Methods  
4.1 Analytical Techniques and Synthetic Solutions 
4.1.1 Analytical Techniques 
The pH value and turbidity before and after EC were measured using Hach Lange 
HQ 40d and Hach Lange Nephla, respectively. Aluminum concentration released in 
the EC cell was measured to determine how much it deviates from the theorical 
value (Eq. 22) using the Hach Lange LCK 301 kit. Boron concentration was measured 
throughout with inductively coupled plasma optical emission spectrometry (ICP-
OES). It was decided the best method for the oil abatement assessment after EC was 
TOC analysis using Shimadzu TOC-VCPH because of the high salinity of the water 
tested. The dilution factor of the sample before the TOC analysis varied between 5 
and 30. 
4.1.2 Synthetic Produced Water 
Important variables influencing EC were studied using synthetic produced water 
solutions, being as: initial pH value; oil concentration and current. As mentioned 
previously, produced water has an extremely broad range of salt concentration 
making it very difficult to represent all its variety in a laboratory. Some anions like 
sulfate and chloride are commonly found in produced water and can replace the 
hydroxyl in the flocs formed by aluminum. The salinity can also affect the 
stabilization of an emulsion.  
Produced water has a large list of possible dissolved solids and in a large observed 
concentration, which would explode the possible combination to introduce it as 
variable. Thus, strategy adopted in this work was to represent, as broadly as 
possible, the produced water characteristics and still maintaining a manageable size 
of laboratory tests. For such, different water salinities, shown in Table 11, were 
tested with EC. 
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Table 11. Model solutions with its salinity 
Salinity 𝑪𝒍− [mg/L] 𝑺𝑶𝟒
𝟐− [mg/L] 
Boron 
[mg/L] 
low  10,000 15 20 
median  40,000 450 35 
high  70,000 1500 70 
very low  2,600 - - 
The salinities low, median, and high are within the TDS level found in real produced 
water (Table 1) while extreme compositions where avoided because they are rarely 
in the field. The most expressive inorganic compounds, namely chloride and sulfate, 
found in typical produced water without changing the pH were chosen to be present 
on the synthetic water. Sodium was the cation present on the chloride and sulfate to 
avoid any precipitation reaction since it is not the focus of this investigation. Boron 
was added as boric acid, B(OH)3. 
Even though the very low salinity is uncommon quality of produced water to be 
found, it was tested later as an extreme case in which the energy demand would be 
the highest possible. 
The design of experiment was applied for each salinity represented in Table 11. 
Crude oil (31.4° API) and the salty water were separately weighted to achieve the 
concentration of oil from the design (Table 12). The oil and water were mixed 
immediately after weighting using a Turrax mixer (Ultra Turrax, IKA T25) for 15 
min at 10000 rpm. It is worth noting that a considerable quantity of oil was adsorbed 
in the beaker and mixer surface placed before the EC cell. Thus to access this mass, 
hexane was used to dilute the oil on the plasticware surface after the water was 
discarded. 
The absorbance of a hexane and oil solution showed a very good correlation in the 
range of 25 to 800 mg/L at 500 nm. The linear regression had a R² equal to 0.997 
and it is represented in Figure 5. The remaining oil in the plasticware was able to be 
quantified by dissolving it in 50 mL of hexane (99.9%) and the oil adsorbed could 
then be calculated. 
The carbon content of the crude oil was equal to 84.7 wt %. The TOC initial was 
computed to be the subtraction of oil adsorbed in the plasticware from the mass 
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weighted in the beaker using Eq. 38. Using this methodology the exact amount of oil 
in water was known. 
𝑇𝑂𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙 =
(𝑂𝑖𝑙𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑  𝑂𝑖𝑙𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) ∗ 0.847 
𝑊𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒
 
Eq. 38 
 
 
Figure 5. Correlation between absorbance and oil concentration in hexane at 500nm 
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4.2 Design of Experiment and Models 
Statistical design of the experiment and the resulting statistical model were used to 
investigate the influence of current and water characteristics on the impurity 
removal. Response surface method (RSM) allows assessing the effect and the 
influence of factors on the response, and generating a statistical model. The 
optimization of the response can be achieved using the created model. The central 
composite design (CCD) and the following factors were chosen: current, oil 
concentration, and initial pH value of the produced water. This experimental 
strategy was chosen to generate models easy to use. The impurities abatement using 
EC can be estimated with little difficulty for a given produced water with a specific 
pH value and oil concentration. The CCD applied with the range of oil concentration 
and initial pH value selected, and its coded level are shown in Table 12. A range of 
current to be applied was only selected after the first results were obtained with the 
self-designed cell which is shown in section 5.1. The pH values and oil concentration 
range were selected to be the broadest possible considering Table 1 and respecting 
the CCD variation, knowing that pH value 4 and 10 are rare to be found in produced 
water without a previous intervention on the reservoir.  
Table 12. The central composite design (CCD) 
run pH  Current [A] 𝐶𝑜 [mg/L] pH in level 
Current in 
level 𝐶𝑜in level 
1 6 3 400 -1 -1 -1 
2 8 3 400 1 -1 -1 
3 6 9 400 -1 1 -1 
4 8 9 400 1 1 -1 
5 6 3 1000 -1 -1 1 
6 8 3 1000 1 -1 1 
7 6 9 1000 -1 1 1 
8 8 9 1000 1 1 1 
9 5.32 6 700 -1.682 0 0 
10 8.68 6 700 1.682 0 0 
11 7 1 700 0 -1.682 0 
12 7 11 700 0 1.682 0 
13 7 6 195.4 0 0 -1.682 
14 7 6 1204.6 0 0 1.682 
15 7 6 700 0 0 0 
16 7 6 700 0 0 0 
17 7 6 700 0 0 0 
18 7 6 700 0 0 0 
Statistical significance was analyzed by using  Rstudio software (open source) where 
a second order polynomial regression was obtained (Eq. 39). The variables 𝑋1, 𝑋2 
and 𝑋3 are respectively: oil concentration [mg/L]; current [A]; and pH value. The 
principal response was considered to be the TOC removal and secondly, turbidity 
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removal for its importance in regulation. Additionally, the change of pH value after 
EC had its response studied under the polynomial regression shown in Eq. 39. The 
TOC and turbidity removal was fitted accordingly using Eq. 40 and Eq. 41, 
respectively. The term prediction is used with two meanings; the polynomial fiting 
to the experimental data and also a forecast of a state not investigated but complying 
with the process conditions under which the polynomial coefficients were 
identified. 
𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽11𝑋1
2 + 𝛽22𝑋2
2 + 𝛽33𝑋3
2 + 𝛽12𝑋1𝑋2 + 𝛽13𝑋1𝑋3 + 𝛽23𝑋2𝑋3 
Eq. 39 
 
Where: 
𝑋1= oil concentration [mg/L] 
𝑋2= current [A] 
𝑋3= pH value 
 
𝑌1 = 𝑇𝑂𝐶 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 [%] =
𝑇𝑂𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙  𝑇𝑂𝐶𝑎𝑓𝑡𝑒𝑟 𝐸𝐶
𝑇𝑂𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100  
Eq. 40 
 
𝑌2 = 𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 [%] =
𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦𝑖𝑛𝑖𝑡𝑖𝑎𝑙  𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦𝑎𝑓𝑡𝑒𝑟 𝐸𝐶
𝑇𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100 
Eq. 41 
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4.3 Experimental Protocol for EC 
The schematic for the experimental setup is shown in the Figure 6. The emulsified 
synthetic water (section 4.1.2) passed throughout a peristaltic pump and entered in 
the EC cell and fill the treated water beaker. After the treated water beaker is filled, 
the valves were closed; the power supply was turned off and samples were taken 
after 15 min. The pH value; turbidity and TOC of the sample were measured. To 
access how much oil was absorbed in the plasticware, hexane was used to dissolve 
the oil and the mass of oil in water was calculated (Eq. 38).  
It was possible to perform the EC run under 17 min. But, the resulting time for 
preparation, run the EC and lab equipment cleaning was circa of 4 hours for each 
test. Following the test, each apparatus (hoses, valves, beakers, EC cell) was carefully 
cleaned with hexane and afterwards with detergent to not interfere with the next 
experiment. The surface of electrodes was gentle sanded, washed and dried before 
running the next experiment, as well. The temperature of the experiments were 
maintained as the ambient and it was collected ( see Appendix A).  
 
 
Figure 6. Experimental setup 
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4.4 Development of the new Electrocoagulation cell  
The design of an EC cell with energy efficiency still poses a challenge and no 
methodology is recommended. In this work, several variables such as flow 
characteristics, residence time, and current density were considered in a heuristic 
manner to design an EC cell. The first value fixed was a continuous mode because 
the production of water in an operating scenario is uninterrupted. Secondly, the 
residence time must have been below 10 seconds, this is to respect the necessary 
compact field produced water treatment even for high flow. Critically for the 
offshore scenario is the equipment footprint and consequently, the residence time 
should be as small as possible, or in the order of a few seconds. Thirdly, the gap 
between electrodes should be as small as possible to avoid increasing the resistance 
and consequently higher energy consumption for a given applied current. This 
approach certainly makes impossibly to describe TOC removal with other variables 
on the progression of the time, although it was a conscious choice adopted in this 
work to give a guideline more realistic to the field treatment. 
After that, several EC cell configurations were developed and the fluid velocity and 
flow characteristics were calculated. The next approach was to obtain ideally 
turbulent flow and higher drag velocity inside the cell to spell out the hydrogen gas 
produced during the electrolysis and consequently diminish the energy demand to 
pass current in the surroundings inside the cell. 
Designs that would give a smaller Reynolds number were excluded. One particular 
cell configuration was studied further using computational fluid dynamics (CFD) in 
two dimensions. This CFD analysis was used to visualize the velocity profile inside 
the cell. The ideal design should allow fast flow velocity through the cell with 
minimal dead zones. 
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4.5 Real Produced water 
A real produced water sample was obtained from an onshore facility just after the 
oil separator. The real produced water was very complex (many dissolved solids 
present which were not in the synthetic water) in composition and had especially 
high hardness which configures a high ability resistance to change the pH value as 
shown in Table 13. This produced water had very low oil concentration and for 
treating it with EC this sample was mixed with additional crude oil at 10000 rpm 
and 15 min using Turrax (Ultra Turrax, IKA T25). 
Table 13. Quality of the real produced water 
 
Concentration [mg/L] 
*except when stated  
Temperature °C 24.9 
Density (20°C) g/cm³ 1.046 
pH 5.5 
Oil concentration 30 
Hardness (as CaO) 6,820 
Hydrogen sulfide 14.2 
Iron 11.7 
Manganese 2.2 
Aluminium  < 1 
Calcium 3,640 
Strontium 392 
Barium 51.1 
Magnesium 633 
Sodium 21,100 
Potassium 208 
Lithium 3.3 
Ammonium 49.2 
Zinc < 0.2 
Lead < 0.5 
Mercury µg/L < 1 
Sulfate 3.7 
Chloride 40,900 
Bromide 220 
Iodide 4.1 
Nitrate 1.8 
Fluoride < 5 
Hydrogen carbonate 224 
Borate 192 
Phosphate < 2 
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5. Results and Discussion 
5.1 Designing EC Cell Process 
5.1.1 Computational Fluid Dynamics for EC manufacturing  
The process for designing an efficient EC cell does not have a well-established 
methodology. In this section the results obtained during the design process will be 
shown. 
Some different designs were previously considered adopting a heuristic technique 
and their flow patterns were calculated. The objective function was a cell presenting 
higher Reynolds number (Eq. 42)  with 15 seconds of residence time. Even though a 
much smaller residence time was searched, 15 seconds was used as a basis for the 
highest tolerate. After some iterations on the Reynolds number calculation,  the cell 
design chosen is shown in in Figure 7. 
𝑅𝑒 =
ū𝐿
𝜈
 
Eq. 42 
Where: 
ū=mean velocity of the fluid [m/s] 
L= hydraulic diameter [m], for closed channel 𝐿 =  
4 𝐴𝑟𝑒𝑎𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
= 0.006m 
𝜈= kinematic viscosity [m²/s], above 1.1x10-6 m²/s for high salt concentration 
 
 
 
Figure 7. schematic of EC cell 
For better understanding how the fluid would behave inside the cell design, a 
simulation in two dimensions has been carried out. The results is shown in Figure 
8, with initial velocity being 0.0533 m/s and residence time consequently being 
close to 15 seconds.  
The flow pattern in the whole cell induced a good mixing and drag effect with a fluid 
velocity being higher than 0.05 m/s near the electrode surface. Vázquez et al. (2014) 
0.4 cm
ElectrodeElectrode
20 cm
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performed work that mostly had a velocity distribution of 0.001 to 0.07 m/s. Thus, 
the hydrodynamics in the cell of this work showed a better velocity profile, no large 
dead zones and a mixing effect on the change of fluid direction. For initial fluid 
velocities higher than 0.165 m/s, and resulting residence time near 5 seconds, the 
Reynolds number is above 1000 for high viscosity water and certainly will improve 
the flow characteristics towards turbulence. Thus, mean flow velocities higher than 
0.053 m/s and consequently lower residence time, near of 5 seconds, served as basis 
for further investigation in this work.   
 
Figure 8. Velocity profiles in m/s obtained by hydrodynamic simulation at initial velocity equal to 
0.0533 m/s 
The simulated EC cell, shown in Figure 9,  was manufactured and it was made of a 
transparent acrylic material with a total volume of 64 cm³ (20 cm x 1.6 cm x 2 cm) 
containing five aluminum plates (2 cm x 20 cm x 0,2 cm; 99.6% purity; 159cm² of 
anodic area). The electrode material was chosen to be aluminum because it had 
shown a better efficiency for removing organic compounds (Table 10). 
 
Figure 9. EC cell on a plan (a) and vertical (b) view with its lid.  
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5.2 Preliminary Experiments 
5.2.1 TOC Removal and Residence Time Determination   
Some baseline tests were performed to evaluate the oil abatement and energy 
demand of the designed cell. The cell would be accepted for further research only if 
the oil efficiency achieved would be higher than 60% and energy consumption 
(Chapter 3), and cost would have the same order as those found in the production 
fields (section 2.2.3). As such, the synthetic produced water had 6 or 100 g/L as 
NaCl, representing the extreme cases of the range of real produced water. The 
residence time was varied in three levels, 1.6; 2.6 and 4.6 seconds, and the current 
was alternated between 10 and 30 amperes.  
The oil removal obtained for different residence times is shown in Figure 10. 
Increasing residence time from 1.6 to 2.6 seconds gave a significant improvement in 
the oil removal for the different salinities and current experimented. However, 
further incremental increase in the treatment time did not indicate any significant 
improvement.  
The treated produced water passed through hexane extraction to evaluate any 
proportionality between final TOC and the hexane method. Many of the results 
demonstrated were under the limit of detection and consequently had oil 
concentration under 1 mg/L. For this reason, no further hexane extraction 
methodology was adopted. 
 
Figure 10. Boxplot of Oil removal divided per residence time inside the EC cell 
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The results for TOC removal in different total dissolved solids (TDS) were arranged 
according to a corresponding charge per volume (C/m³) and the comparison of TOC 
to the corresponding energy consumption is shown in Figure 11. The water 
containing lower TDS had similar oil abatement for the different charge per volume, 
but had a significant change in energy demand. 
A removal of 95% in TOC for higher salinity water was achieved at charge per 
volume below 750 C/m³, which gives a current equal to 10 amperes. Re-stabilization 
of dispersed oil occurred for a charge per volume higher than 1250 C/m³ in the high 
TDS. The aluminum dosage released in the water and final pH value obtained after 
EC (8.6 ± 6%) gave a theoretical region as being above the sweep coagulation, 
indicating this is likely the main destabilization mechanism. However, the 
experimental re-stabilization indicates that coagulation by adsorption also may 
occur as a parallel mechanism. 
Removal equal or higher than 90% of TOC could be achieved under 0.4 kWh/m³ for 
different salinities. Considering a cost of aluminum equal to 2.25 USD/Kg and energy 
cost, 0.1 USD/kWh, a treatment using EC could be under 0.15 USD/m³ or 0.02 
USD/bbl. The treatment cost for de-oiling produced water using EC with this design 
is shown to be under the chemical cost practiced at US onshore oilfields (Bailey et 
al., 2000). 
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Figure 11. Effect of charge per volume on TOC removal and energy consumption on mimicked 
produced water with 450mg/L of oil mixed in different salinity of the water: (a) [NaCl] 6 g/L; (b) 
[NaCl] 100g/L 
Hence, the removal and energy demand obtained for this cell design were 
competitive and realistic for produced water treatment, and consequently the 
design was accepted by the author. The range of operating conditions for further 
optimization, given the shown results, was set to be 3 seconds as the residence time 
inside the cell, and current levels of variation at approximately 10 amperes and 
under. This means the next experiments were created to observe the maximum 
efficiency with the least energy input for different water characteristics (varying 
initial pH value and oil concentration) and how it changes for different salinities.  
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5.2.2 Aluminum Concentration   
The principle to release aluminum though EC was first explained by Faraday´s Law. 
However, this electrochemistry effect is not the only effect taking place during EC 
what gives a coagulant concentration commonly different than the theoretical value, 
referred to as “Faradic yield”. This is due to the chemical dissolution of aluminum 
through pitting corrosion points promoted by the chloride ion, or the profile of pH 
value developed inside the EC cell (Eq. 18; Eq. 27-Eq. 30;Eq. 23- Eq. 26).  
Aluminum concentration was analyzed for different salinities and residence times 
applying a current equal to 6 amperes. The results related to the aluminum 
concentration, both measured and theoretical as the faradic yield, are shown in 
Table 14. On average, the faradic yield was found equal to 1.4  
Gao et al. (2010) found the increase in chloride concentration created more pitting 
corrosion and possibly diminished the anode passivation which improved the 
dissolution of aluminum. Mechelhoff et al. (2013) also found that the increase of 
chloride concentration in the range of 0 to 100mg/L NaCl induced a higher 
dissolution of aluminum for the continuous flow. However, in the results obtained 
in this work there was not enough evidence to support that the increase of chloride 
affects the dissolution of aluminum. 
Table 14: Faradic yield determination 
Salinity Residence time [s] 
Theoretical Al 
concentration 
[mg/L] 
Measured Al 
concentration 
[mg/L] 
Faradic 
yield 
low 7.54 46.81 76.8 1.6 
low 7.54 46.81 82.8 1.8 
medium 15.16 56.47 63.0 1.1 
medium 10.58 53.74 72.0 1.4 
high 15.36 57.21 77.5 1.4 
high 11.07 61.85 83.0 1.3 
  Average yield 1.4 
  Standard deviation 0.2 
Consequently, these results revealed that the coagulant dosage practiced on the 
tests showed in Table 12 were as follows: 
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Table 15. Coagulant dosage in the DOE 
Current [A] 1 3 6 9 11 
Aluminum [mg/L] 6.34 19.02 38.04 57.06 69.74 
Aluminum [mol/L] 2.3x10-4 7.0x10-4 1.4x10-3 2.1x10-3 2.6x10-3 
Furthermore, for achieving the reuse quality of produced water, the outlet water 
from EC still needs to be processed in subsequent treating units. For instance, 
residual aluminum can greatly impact the fouling in reverse osmosis and its 
concentration can be also regulated.  
Samples of low salinity taken from Run 3 and 6 (Table 12) were filtered using a 0.45 
µm membrane and then acidified to reach pH value equal to 2.0. Runs 3 and 6 had a 
pH value after EC equal to 8.46 and 8.33 respectively, thus the soluble aluminum 
was 0.85 mg/L for Run 3, and 0.53 mg/L for Run 6 
The short time practiced for water treatment will not allow the species to reach the 
equilibrium. Thus, residual aluminum from EC in this study is consistent with 
experimental results from Kimura et al. (2013).  
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5.3 Models Quality and Range of Validity  
Optimizing EC for produced water was related to TOC removal as the most 
important indicator. This is due to legislation goals that are related to final oil and 
grease concentrations in water and the higher sensitivity and limit detection of the 
measurement. Change in the pH value and turbidity removal was also investigated, 
but their importance was secondary. 
Turbidity measurement has a higher interference and the models exhibit a higher 
uncertainty, and in the case of high salinity, it was not possible to obtain a 
correlation. Although for process control, turbidity is still an important variable and 
thus the results are shown in this work. Furthermore, change in the pH value is an 
important process variable and can significantly impact the unit of treatment 
adopted after EC. 
Therefore, the models obtained here give a good indication of operating parameters 
range to obtain the EC viability for upstream produced water treatment. 
Additionally, the models indicate well an expected range for operation and response 
for the scaling up process. 
5.3.1 TOC Removal 
TOC removal was studied under various water type conditions and data fit with 
good statistical significance and accuracy was obtained. The experimental and 
predicted values  for the different salinities are shown in Table 16. The predicted 
values were calculated using regression obtained by each salinity and the value of 
variables (oil concentration, pH value e current) seen in the laboratory. 
The experimental values were above 65% with coagulant dosage varying from 6 to 
near 70 mg/L  (Table 15) on 3 seconds of treatment time. In addition, the repetitions 
exhibited a coefficient of variation smaller than 3% for the TOC removal. The worst 
removal results obtained were at the lowest current applied, 1 ampere, followed by 
the experiment where level -1 of current, oil concentration, and initial pH were 
encountered.  
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These findings here contrast significantly from previous results with a COD removal 
obtained not higher than 67% after 30 min of electrolysis for treating produced 
water (Zhao et. al., 2014). This lengthy treatment time is not feasible to be used 
upstream and higher efficiency is necessary for this application. Zhao et al.  (2014) 
adopted lower current density at the expense of the treatment time, which is the 
opposite strategy adopted in this work. 
In contradiction to poly aluminum chloride dosage practiced in an earlier study (Al-
Maamari et al., 2012), greater removal was observed here with lower coagulant 
concentration. This group varied coagulant concentrations from 60 to 185 mg/L and 
obtained at most 71% removal of dispersed oil using extraction methods for 
measurement. 
Table 16. CCD with its experimental and predicted value for TOC removal [%] 
 Low Salinity Medium Salinity High Salinity  
Run Exp. Pred. Exp. Pred. Exp. Pred. 
1 87.15 82.14 70.29 73.45 85.46 82.86 
2 77.88 74.96 93.96 91.50 87.55 82.68 
3 86.64 82.45 84.20 85.06 91.72 87.48 
4 86.65 87.73 92.05 95.41 91.03 91.84 
5 87.54 88.38 91.29 88.95 97.19 94.42 
6 78.30 79.56 94.61 93.27 90.89 92.10 
7 95.06 99.23 95.53 100.42 93.96 96.25 
8 93.48 94.76 96.83 92.91 95.25 93.34 
9 84.94 87.20 98.35 94.47 94.61 98.90 
10 88.55 87.72 94.71 97.55 93.85 96.36 
11 70.09 73.14 70.43 72.38 86.76 90.77 
12 93.48 91.64 96.71 93.78 93.62 94.04 
13 70.48 76.37 89.37 86.28 64.88 71.54 
14 97.20 93.65 97.65 100.79 93.27 91.46 
15 91.25 93.45 92.99 94.14 91.69 91.54 
16 93.69 91.89 96.54 98.32 93.42 91.45 
17 93.53 89.88 90.65 90.71 89.80 87.76 
18 92.08 93.53 99.09 95.20 91.11 91.59 
 
The statistical significance of the model is determined by the p-value, which when it 
is smaller than 5% means the answer variation can be explained by the proposed 
model. The calculation of p-value is given by the statistical test. The p-value under 
5% demonstrates the variation in the response can be explained by the variables 
here presented at 95% of probability level (confidence interval). The model 
adequacy also was checked by means of the coefficient of determination (R²), a 
measurement of how well the observed values correspond with the model, in terms 
of residual standard error. The R² values shown in Figure 12 while the regression 
coefficients, p-values and residuals received with the models (Eq. 39) are listed in 
Table 17. 
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TOC model had a standard error estimate (residual) equal to or below 4.5 and the 
p-value necessary is < 5%. The accuracy measured in terms of R² are mostly higher 
than 0.80, except in the case for water containing high salinity, which had R² equal 
to 0.76. The measurement for the higher salinity case was made under a strong 
dilution and resulted in very low total organic carbon observed. This could explain 
the smaller accuracy of the model for this case. Thus, the models presented here for 
TOC have good indication of the expected value.  
 
Figure 12. Predicted value (y-Axis) vs. experimental value (x-Axis) for TOC removal [%] 
Table 17. Coefficients, p-value and residual of the models for TOC removal [%] shown in Eq. 39 
 Low salinity Medium salinity High Salinity 
𝛽0 5.43E+01 -1.65E+02 2.55E+02 
𝛽1 1.91E-01 3.10E-01 2.64E-01 
𝛽2 2.74E+00 1.91E+01 -2.79E+00 
𝛽3 -1.41E+00 4.03E+01 -5.16E+01 
𝛽11 -1.29E-04 -8.19E-05 -5.19E-04 
𝛽33 7.27E-02 -1.46E+00 3.26E+00 
𝛽22 -3.81E-01 -4.99E-01 7.45E-02 
𝛽23 3.71E-01 -1.44E+00 4.56E-01 
𝛽12 3.13E-03 -3.98E-03 -4.71E-03 
𝛽13 -1.31E-02 -2.97E+02 4.10E-03 
p-value 0.01521 0.007834 0.04031 
Residual 4.514 4.318 4.528 
The use of the TOC removal model for the best prediction in a real case must have 
variables ranging near the experiment conditions and salinity near of the synthetic 
water. However, if an extrapolation is necessary, two limits must be regarded and 
they are: low oil concentration as TOC and very high current.  
At very low particle concentrations, the probability of encountering and contact 
opportunity is much smaller to allow aggregation, and therefore a much higher 
amount of coagulant in absolute term is necessary. For produced water having a 
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small oil concentration, a strategy can be adopted from other similar treatment 
plants. This is to increase dispersed particles concentration by means of adding 
materials such as bentonite or activated silica to diminish the coagulant demand. 
The opportunity of colloid-colloid interaction increases without compromising the 
treatment cost on which requires a much higher dosage of coagulants. 
Furthermore, in the case of very high current applied, a large amount of coagulant 
is added into the water. This will completely cover the particulate surface by the 
metal hydroxide and an approximation of other colloid particle to destabilize the 
dispersed phase will not be possible. In this case a re-stabilization of the emulsion 
is seen 
The most remarkable result to emerge from the data is an organic removal above 
60% in three seconds of residence time. This magnitude of time is extremely 
important because it can overcome the imposed restriction of space available, 
especially for offshore applications. This allows EC to be potentially a realistic 
technology to be considered for the application studied here. It can also be 
concluded that the refined value of desirable TOC removal in different waters will 
be reached according to the fitting of the experimental value. 
5.3.2 Turbidity Removal 
Turbidity is usually not regulated, but it has a big impact on post-processing, such 
as ceramic or activated carbon filtration, the last being a very common polishing 
strategy for produced water. Although it is an important parameter to evaluate the 
process, it is a measurement liable to many optical interferences like scattering and 
absorption of the light. 
Turbidity before and after EC was analyzed with varying salinities of water, current, 
and oil concentration. The experimental and predicted values for the different 
salinities are shown in Table 18. The repetition experiments had a coefficient of 
variation under 3% for the turbidity removal. However, the turbidity before EC 
presented frequently a variation greater than 15% from the same sample (in 
medium and high salinity), while it was less than 5% for the sample after EC. This 
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poses a question related to the reliability of this measurement, especially for the raw 
emulsion and an indication of the many interferences present. 
Table 18. CCD design with its experimental and predicted value for turbidity removal [%] 
 Low Salinity Medium Salinity High Salinity 
run Exp. Pred. Exp. Pred. Exp 
1 77.51 67.79 86.58 77.62 89.85 
2 77.94 65.80 77.09 76.71 92.58 
3 90.77 85.60 90.85 96.54 88.14 
4 94.65 92.42 94.95 91.65 94.18 
5 79.35 72.07 73.03 76.80 93.69 
6 62.42 54.97 96.07 87.31 95.02 
7 95.43 97.12 95.06 97.33 93.91 
8 95.49 90.32 96.79 99.42 94.79 
9 88.17 85.61 96.01 93.29 95.53 
10 86.93 83.09 93.14 97.78 92.47 
11 37.51 42.91 52.10 59.85 55.14 
12 96.22 87.46 96.18 90.90 95.57 
13 81.69 82.62 90.88 88.52 89.37 
14 92.40 88.87 95.30 92.98 95.41 
15 85.82 85.52 94.56 95.99 93.57 
16 89.41 85.32 93.91 98.17 96.54 
17 92.23 84.78 93.99 93.96 93.61 
18 90.02 85.86 94.00 95.42 94.01 
 
The R² is shown in Figure 12 and the regression coefficients and p-value for the 
models (Eq. 40). Those results show the statistical significance and accuracy (R² and 
error) of the models decrease greatly with the increment of the salinity of the water 
tested. 
Furthermore, the turbidity removal for produced water containing the highest 
salinity could not be correlated to the variables studied here since it presented a 
very high p-value. This indicates that with the increase of dissolved solids another 
effect may contribute to the turbidity removal than the variables represented in the 
proposed model. Thus, the instability of measurement for the raw measurement and 
the poorer significance and accuracy with the high salinity water still raises doubts 
if the model can explain the turbidity response. 
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Figure 13. Predicted value (y-Axis) vs. experimental value (x-Axis) for Turbidity removal [%] 
Table 19. Coefficients and p-value and residual of the models for turbidity removal [%] shown in Eq. 
39 
 Low salinity Medium salinity 
𝛽0 8.80E+01 3.33E+01 
𝛽1 2.23E-01 -6.28E-02 
𝛽2 6.77E+00 1.71E+01 
𝛽3 -1.82E+01 2.37E+00 
𝛽11 -3.04E-06 -1.41E-04 
𝛽33 1.63E+00 -5.86E-01 
𝛽22 -7.82E-01 -8.70E-01 
𝛽23 8.67E-01 -3.01E-01 
𝛽12 3.46E-03 -5.85E-03 
𝛽13 -3.51E-02 2.87E-02 
p-value 0.002523 0.02544 
Residual 6.301 6.862 
 
5.3.3 Final pH value 
The importance of knowing the final pH value of the water is to meet regulations 
that may exist for discharge and to anticipate the impact in other technologies for 
processing the effluent after EC. The evolution of pH value after EC with aluminum 
to near 7 or 8 for water moderate acid or basic is a well-known phenomenon. The 
evolution of final pH value depends on several factors, such as: initial pH value and 
ions providing buffer capacity to the water, current, and Al to HO- ratio obtained in 
the EC cell. 
The oil concentration should not significantly affect the change the pH value, so the 
coefficients related to it shown in Eq. 39 were set equal to zero. According to 
Faraday´s law, the hydroxyl release is a linear function to the current and thus,  
𝛽22 was also set to zero. Furthermore, comparing  a regression having  𝛽22 equals to 
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zero to another regression having a value different of zero, a higher p-value was 
obtained where 𝛽22 was equal to zero (Eq. 39 and Appendix B).  
Table 20. CCD with its experimental and predicted value for final pH value 
 Low Salinity Medium Salinity High Salinity 
Run Exp. Pred. Exp. Pred. Exp. Pred. 
1 7.99 7.91 7.60 7.63 7.72 7.67 
2 8.03 8.07 8.15 8.22 8.54 8.40 
3 8.46 8.42 8.20 8.34 8.14 7.99 
4 8.30 8.39 8.50 8.27 8.41 8.43 
5 7.99 7.91 7.58 7.64 7.62 7.67 
6 8.33 8.12 8.46 8.18 8.34 8.35 
7 8.38 8.44 8.33 8.35 7.67 7.99 
8 8.50 8.41 8.23 8.28 8.46 8.46 
9 8.28 8.31 8.49 8.29 7.99 7.85 
10 8.66 8.71 8.57 8.78 8.73 8.80 
11 7.60 7.79 7.37 7.49 7.62 7.76 
12 8.51 8.49 8.22 8.28 8.18 8.11 
13 8.04 8.12 7.77 7.88 8.10 7.93 
14 8.23 8.12 8.04 7.88 7.96 7.92 
15 8.10 8.12 7.98 7.88 7.94 7.94 
16 8.16 8.12 7.71 7.88 7.69 7.94 
17 8.14 8.12 7.84 7.88 7.99 7.95 
18 7.97 8.12 8.01 7.90 7.98 7.93 
The current and initial pH value were inferred to be the variables that could explain 
the change in pH after EC on this cell for water without buffer capacity. The 
experimental and predicted values for the different salinities are shown in Table 20. 
The repetitions expressed less than 1.6% for the coefficient of variation.   
The R² is shown in Figure 14 and the regression coefficients and p-value for the 
models (Eq. 39) obtained are listed in  
 
Table 21. The coefficient of determination was “R2≥0.8” and p-value was under 
0.02% for the low, medium and high salinity. 
 
Figure 14. Predicted value (y-Axis) vs. experimental value (x-Axis) for final pH value 
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Table 21. Coefficients and p-value and residual of the models for pH value after EC shown in Eq. 39 
 Low salinity Medium salinity High Salinity 
𝛽0 13.32235 16.3260 12.47020 
𝛽2 0.21976 0.44414 0.17516 
𝛽3 -1.83753 -2.97362 -1.73001 
𝛽33 0.14896 0.24410 0.15023 
𝛽23 -0.02233 -0.05344 -0.01999 
p-value 0.00002435 0.00005254 0.00003971 
Residual 0.1113 0.1646 0.1517 
 
5.3.4 Ionic Strength and Interpolation for Different Salinities 
The methodology RSM suggests a simultaneous variation of chosen process 
variables and to describe the response by means of Eq. 39. Introducing the large list 
of dissolved solids and their large range of possible concentration would explode 
the combination of experiments with the associated possibilities in produced water. 
Although in this section, an effort was made to unite the separated models presented 
in the previous subsections in a single one adding the ionic strength, shown on Eq. 
43.  
𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽11𝑋1
2 + 𝛽22𝑋2
2 + 𝛽33𝑋3
2 + 𝛽12𝑋1𝑋2 + 𝛽13𝑋1𝑋3+𝛽23𝑋2𝑋3  + 𝛽𝑖I Eq. 43 
Where: 
𝑋1= oil concentration [mg/L] 
𝑋2= current [A] 
𝑋3= pH value  
𝐼= ionic strength  
The experimental and predicted values for the answers here studied uniting all 
salinities are shown in Table 22 and represented in Figure 15. The predicted value 
for TOC removal when introducing the ionic strength demonstrates poor accuracy 
in relation to the experimental value, with R² equals to 0.32 (Figure 15). 
Furthermore, even though the accuracy for turbidity shows a better response than 
for TOC removal, it is insufficient because the R² is under 0.70. The prediction for 
the final pH value is the only model which demonstrates closer fidelity with the 
experimental values, but it still has R²-value smaller than for models with separated 
salinity (Figure 15). 
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Figure 15. Predicted value (y-Axis) vs. experimental value (x-Axis) for TOC removal, turbidity 
removal and final pH value models 
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Table 22. CCD with its experimental and predicted value for TOC and turbidity removal [%] and 
final pH value, including all salinities  
  TOC Turbidity Final pH 
Salinity Run Exp. Pred. Exp. Pred. Exp. Pred. 
low 1 87.15 80.57 77.51 73.42 7.99 7.85 
low 2 77.88 79.38 77.94 75.48 8.03 8.10 
low 3 86.64 86.20 90.77 89.22 8.46 8.38 
low 4 86.65 88.55 94.65 90.36 8.3 8.34 
low 5 87.54 87.41 79.35 72.61 7.99 7.84 
low 6 78.30 85.05 62.42 69.34 8.33 8.17 
low 7 95.06 99.35 95.43 99.67 8.38 8.40 
low 8 93.48 93.25 95.49 94.19 8.5 8.36 
low 9 84.94 86.29 88.17 89.57 8.28 8.28 
low 10 88.55 90.50 86.93 89.92 8.66 8.86 
low 11 70.09 76.73 37.51 54.58 7.6 7.76 
low 12 93.48 94.02 96.22 90.01 8.51 8.42 
low 13 70.48 78.36 81.69 86.53 8.04 8.06 
low 14 97.20 93.22 92.40 92.03 8.23 8.06 
low 15 91.25 92.49 85.82 90.23 8.1 8.06 
low 16 93.69 91.07 89.41 89.84 8.16 8.06 
low 17 93.53 89.41 92.23 89.31 8.14 8.06 
low 18 92.08 92.48 90.02 90.33 7.97 8.06 
medium 1 70.29 81.89 86.58 77.33 7.6 7.74 
medium 2 93.96 85.99 77.09 80.20 8.15 8.29 
medium 3 84.20 81.39 90.85 88.89 8.2 8.26 
medium 4 92.05 88.37 94.95 93.21 8.5 8.37 
medium 5 91.29 90.81 73.03 77.00 7.58 7.75 
medium 6 94.61 89.03 96.07 76.10 8.46 8.26 
medium 7 95.53 98.81 95.06 99.29 8.33 8.27 
medium 8 96.83 95.57 96.79 97.43 8.23 8.38 
medium 9 98.35 97.75 96.01 97.36 8.49 8.20 
medium 10 94.71 93.44 93.14 94.73 8.57 8.80 
medium 11 70.43 78.42 52.10 59.75 7.37 7.66 
medium 12 96.71 91.43 96.18 88.45 8.22 8.28 
medium 13 89.37 81.32 90.88 90.63 7.77 7.97 
medium 14 97.65 96.51 95.30 94.63 8.04 7.97 
medium 15 92.99 90.24 94.56 92.51 7.98 7.97 
medium 16 96.54 94.65 93.91 93.58 7.71 7.97 
medium 17 90.65 87.10 93.99 91.77 7.84 7.96 
medium 18 99.09 90.08 94.00 92.56 8.01 8.01 
High 1 85.46 77.03 89.85 81.04 7.72 7.63 
High 2 87.55 86.60 92.58 86.64 8.54 8.29 
High 3 91.72 87.83 88.14 94.42 8.14 8.17 
High 4 91.03 91.99 94.18 97.64 8.41 8.34 
High 5 97.19 91.85 93.69 81.34 7.62 7.63 
High 6 90.89 91.17 95.02 83.39 8.34 8.23 
High 7 93.96 99.54 93.91 101.25 7.67 8.17 
High 8 95.25 97.54 94.79 100.10 8.46 8.38 
High 9 94.61 94.80 95.53 97.69 7.99 7.96 
High 10 93.85 97.10 92.47 98.79 8.73 8.72 
High 11 86.76 80.17 55.14 65.23 7.62 7.60 
High 12 93.62 93.60 95.57 91.56 8.18 8.16 
High 13 64.88 82.90 89.37 94.62 8.1 7.88 
High 14 93.27 94.30 95.41 96.73 7.96 7.87 
High 15 91.69 94.86 93.57 96.85 7.94 7.88 
High 16 93.42 94.77 96.54 96.84 7.69 7.89 
High 17 89.80 90.98 94.01 96.15 7.99 7.89 
High 18 91.11 94.88 95.15 96.85 7.98 7.88 
 
The regression coefficients and the p-value for the models (adding ionic strength  
into Eq. 39) obtained are listed in Table 23. In every case, the p-value were under 
than 0.001% and this revealed the variation of the answers here studied can be 
explained by the change on the ionic strength. The residual error for these models 
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demonstrate a higher value than considering for each salinity case, expect for final 
pH value. 
Table 23. Coefficients and p-value and residual of the models for TOC removal, turbidity removal 
and final pH value, including all salinities 
 TOC Turbidity Final pH 
𝛽0 27.26 5.66E+01 14.59946 
𝛽𝑖  3.95 4.55E+00 -0.12167 
𝛽1 0.17 6.18E-02 - 
𝛽2 7.50 1.21E+01 0.29589 
𝛽3 1.60 -6.64E+00 -2.31434 
𝛽11 0.00 -1.57E-05 - 
𝛽33 0.32 8.27E-01 0.19178 
𝛽22 -0.25 -7.28E-01 - 
𝛽23 -0.48 -3.03E-01 -0.03429 
𝛽12 1.04E-03 6.52E-03 - 
𝛽13 1.24E-02 -1.21E-02 - 
p-value 6.916e-06 6.984e-10 1.621e-14 
Residual 5.614 6.756 0.1584 
 
5.3.5 Partial Conclusions 
The models for TOC removal presented here have sufficiently demonstrated the 
efficiency for this technology and can optimize the real produced water treatment 
using EC. The most striking is that efficiency was higher than 70% for the water 
variation imposed with a short treatment time as the most important requirement 
for any realistic application. Furthermore, the use or replication of the TOC model 
should respect a similar range, or attention must be given to the aforementioned 
extrapolation. Based on the present results, the effective operation conditions can 
be suggested for a broad quality range of produced waters having an immense value 
for upstream operations. 
The turbidity removal model could not explain this answer for all cases of produced 
water and the results were not consistent. Moreover, the evolution of the pH model 
had a good accuracy and significance for the water not containing alkalinity. 
Although the pH model use is very restricted, it is very practical and useful model.  
The empirical models for change of pH value had a high statistical significance and 
the variables chosen could explain the variation in change of pH value for the range 
tested. However, our models were based on own particular design and water 
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chemistry not providing buffering. For this reason, the replication of the model 
should be considered for a similar range of initial pH tested and water with no buffer 
capacity. 
The models including ionic strength presented a p-value much smaller than for the 
previous cases, corroborating that this variable is important for the answers studied 
here. However, the poor accuracy shows that a single model explaining removal in 
TOC, turbidity, and change on pH value in a large salinity variation has strong 
limitations. Furthermore, including salinity as a variable in the CCD is not feasible in 
the case of produced water due to its extremely large range in composition and 
complexity (many possibilities in combining a large list of dissolved solids and the 
large range of concentrations). Despite the low precision of the models in salinities 
different from those deduced from the experiments, still a guideline for operation 
conditions on EC for produced water can be extracted here in those cases. Thus, the 
most important finding emerging from the interpolation attempt is a more probable 
current and residence time to be used in a pilot plant for treatment of produced 
water.  
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5.4 Evolution of the Final pH Value 
The change of pH value is not only important for the process of coagulation and 
flocculation (section 3.3.2), but also for some regulations and further processing of 
the water. The final pH model obtained is a very simple model and the influence 
from initial pH value and current is shown in Figure 16 for the low, medium, and 
high salinity water. 
 
 
Figure 16. Effect of initial pH value and current on the final pH at: (a) low salinity; (b) medium 
salinity and (c) high salinity 
As expected by Faraday´s Law, the current correlates well with the evolution of pH 
as a linear behavior, which was discussed previously. The slope between current 
and final pH decreases with the augmentation of the initial pH. Furthermore, the 
slope diminishes once the final pH value tends near of 9. The initial pH value 
correlates with the final pH value in a positive parabolic behavior, in which the 
lowest response is achieved with initial pH near of 6.  
These phenomena are stated in other works (Karhu et al., 2012; Ezechi et al., 2014), 
demonstrating the model captures well the buffer capacity of EC with a final pH 
value around 7 and 8 for aluminum application. This is probably due to the 
reversible reaction to form aluminum hydroxide (Eq. 27-Eq. 30) where the 
equilibrium tends to the right side in an environment rich in hydroxyls. Moreover, 
the increasing pH value for acidic waters is due to the reactions occurring on the 
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cathode (Eq. 18). The same behavior does not appear in chemical coagulation 
because there, the presence of aluminum and hydroxyls are not proportional as in 
the case for EC. 
Furthermore, the variables have a similar effect on the evolution of pH value for all 
of the water salinities shown, although a variance slightly increases on the final pH 
value for high salinity. Perhaps this is attributed to the coordination of chloride into 
the aluminum flocs competing with the reversible reactions of hydration of the 
metal (Bratby, 2006), but further studies should be performed to clarify this 
behavior.   
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5.5 Operation Region for Effective Treatment of Produced 
Water with EC 
A discussion of efficient operational range for EC in the treatment of produced water 
is presented in the following section according to: salinity of the water, its initial pH 
value, and oil concentration. The data fit from the experiments greatly support to 
understand which currents to use for EC and what is expected removal regarding 
TOC and turbidity for real produced water once its salinity, oil concentration, and 
pH value are known. Or in other words, in this section it is integrate the individually 
best data fit into a continuous space for analyzing the results and identification of 
beneficial operation conditions within a common framework. 
5.5.1 Produced Water with Low Salinity 
Organic Compounds Removal 
High removal of TOC was achieved in all currents applied, although smaller current 
is the least efficient under certain conditions. The effect of initial pH value and oil 
concentration on the TOC removal for current applied 3, 6 and 9 amperes can be 
seen in Figure 17. 
A broader characteristic for produced water having high removal was obtained for 
this salinity at the higher current at 9 amperes (Figure 17). Nonetheless, the region 
of removal more than 80% does not increase significantly from 6 to 9 amperes.  
    
Figure 17. Effect of initial pH value and oil concentration on TOC removal [%] at: (a) current=3A; (b) 
current=6A and (c) current=9A 
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Even though the effect of initial pH value is very low for the highest current and oil 
concentrations lower than 500 mg/L, it can be expected for this salinity an 
impairment of the removal for highly oily and somewhat alkaline produced water. 
A better removal of TOC using the lower current is present for slightly acidic water 
and medium oil concentration.  
The average pH value after EC was 8.2 ± 3.4% and the main mechanism of 
destabilization of the hydrophobic colloids is sweep coagulation. Although, a 
contribution of adsorption and bridging is believed to be a part of the destabilization 
because restabilization was observed on the previous results. 
Increasing the aluminum concentration with the augmentation of the current, less 
negative hydroxide will be formed for the final pH value obtained (section 3.3.2) 
which favors destabilization throughout adsorption and bridging. The adsorption 
mechanism has a stoichiometric relationship between dosage and particle 
concentration. For this reason, the removal became less efficient with smaller 
dosage as TOC as thus the particle concentration in the effluent increases ( see 
Figure 17).  
The model indicates that when increasing the current, higher removal will be 
obtained at a broader range of initial pH value and oil concentration of the produced 
water. Although, in all coagulant dosages applied, removal tends to be smaller, as oil 
concentration diminishes as shown in Figure 17. This is due to the contact 
opportunities decreasing between coagulants and oil droplets for destabilization to 
occur. 
The ratio mg of TOC per mg of aluminum was on average 5.1, which shows a large 
variation because the final oil concentration on the raw emulsion before EC could 
not be controlled. However, this ratio was higher than 2.6 mg TOC/mg metal and in 
the extreme case achieved 7.3. An average for the same ratio in 46 treatment plant 
locations was smaller than 1.1 mg of TOC/mg of metal, whereas the highest ratio 
was for acid alum or poly-aluminum chloride (Lind C., 1996). Thus, EC with 
aluminum applied to produced water showed to be very efficient when comparing 
other coagulants efficiency. 
 82 
 
Zhao et al. (2014) treated real produced water with EC using iron electrodes. Their 
produced water was considered as low salinity and the highest removal value 
achieved was 66.6% for COD. This had a calculated ratio equal to 7.9 mg of COD/mg 
of Fe and pH equal to 7.36 at roughly 30 min of treatment. However, their iron 
dosage was calculated using Faraday´s law, which probably underestimated the real 
dosage of coagulant in EC. For this reason, their ratio is probably smaller for the iron 
coagulant when compared with that obtained in this work. 
The effect of current and oil concentration for the TOC removal having initial pH 
constant and equal to 6, 7, and 8 can be seen in Figure 18. Even though the final pH 
value did not vary much due to the buffer capacity of the EC, water initially more 
alkaline worsened the TOC removal, especially for smaller current. The increment 
of current on pH value obtained will result in less negative hydroxides being formed, 
consequently the adsorption will be favored. Therefore, water with higher pH value 
and higher oil concentration requires higher current for considerable removal 
(Figure 18).  
   
Figure 18. Effect of current and oil concentration on TOC removal at: (a) initial pH=6 (b) initial pH=7 
and (c) initial pH=8 
Therefore, the TOC removal model gave a good indication of the expected behavior 
for this low salinity produced water and the response could be explained with the 
coagulation theory (see section 3.3). The final TOC concentration varied from 22.6 
to 30.8 mg/L at a current equal to 9 amperes. Additionally, very high efficiency was 
found using aluminum coagulant produced by EC compared with other previous 
work with produced water (Zhao et al., 2014; Correa et al. 2010; Janson et al., 2014; 
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Ebhrahimi wt al., 2010). Thus, this indicates the parameters used here on EC for 
produced water are very promising as de-oiling technology. 
Turbidity Removal  
The effect of initial pH value and oil concentration for turbidity removal at different 
currents is shown in Figure 19. Higher turbidity removal was obtained at 9 amperes 
for a larger characteristics of produced water as it more probably improves flocs 
formation. 
The operation conditions beneficial for very high TOC removal were in some cases 
less favorable for turbidity removal. This is attributed to the particles present 
mostly associated with the quality of the precipitates being milky gel not readily 
settled (without organic matter adsorbed into it), rather than with the presence of 
dispersed organic matter. Furthermore, higher particles removal achieved at 
currents above 6 amperes indicates that the flocs at higher coagulant dosages are 
better suited for settling separation without assistance of other operation units such 
as DAF (dissolved air flotation). This indicates that the use of another operation unit, 
such as filtration, can improve the clarity of the water using less energy in the EC 
step and without compromising the level of organic removal.   
 
   
Figure 19. Effect of initial pH and oil concentration on turbidity removal at: (a) current=3A; (b) 
current=6A and (c) current=9A 
The final TOC varied from 22 to 31 mg/L and turbidity was under 5 NTU for current 
equal to 9 amperes for the produced water with low salinity. Additionally, the 
preliminary laboratory tests demonstrated an oil and grease concentration under 1 
mg/L using the hexane extraction method on these ranges of TOC and turbidity for 
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the same crude oil. Furthermore, the efficiency for de-oiling was very high, therefore 
EC is very suitable for produced water under low salinity. Ultimately, EC for this 
salinity had a very high efficiency for a large range of initial pH and oil concentration 
characteristics. 
5.5.2 Produced Water with Medium Salinity 
Organic Compounds Removal 
The effect of initial pH value and oil concentration on the TOC removal for applied 
currents of 3, 6, and 9 amperes can be seen in Figure 20. High removal of TOC was 
achieved in all currents applied, although for smaller current, poorer efficiency can 
be found in lower oil concentrations, similar behavior for low salinity water. As 
previously mentioned, increasing the aluminum dosage along with the current will 
benefit the adsorption mechanism, explaining the less desirable removal for small 
current and small oil concentration. As the same reason for the low salinity, this is 
most likely to the less opportunity of contact on small oil concentration and lower 
concentration of specimens for adsorption destabilization on smaller current and 
mean pH value equals to 8.05.  
   
Figure 20. Effect of initial pH and oil concentration on TOC removal at: (a) current=3A; (b) 
current=6A and (c) current=9A 
Very low differences are indicated by the model for the removal efficiency higher 
than 80% when increasing the current from 6 to 9 amperes. Therefore, the optimum 
current for a broader water pH value and oil concentration will be considered as 6 
amperes, which is different than the low salinity water (Figure 17).  
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It is worth noting that produced water with lower oil concentration will always need 
higher dosages than the optimum for other cases. The model indicates the smaller 
oil concentration water has great improvement when the current increases, 
whereas 3 amperes was the worst result. This is due to lower encounter probability 
when the dosage is 3 amperes. When increasing the current to 6 amperes, more 
contact opportunity is given and the removal increases for lower oil concentrations, 
reaching the best removal at 9 amperes. It can be expected for this salinity an 
impairment of the removal for highly oily and very alkaline produced water, 
presenting the same behavior for the smaller salinity produced water. 
The change in the final pH is higher in this salinity than the previous salinity tested 
and the reason was aforementioned. The pH value after EC varied from 7.4 to 8.5, 
but the main mechanism continues the same as entrapment of impurities by the 
flocs and with some aid of adsorption as well. 
The ratio mg of TOC per mg of aluminum was on average 7.0 ± 3.4 in the optimum 
current and also it showed a large variation, as was also the case in the low salinity 
produced water. The effectiveness of the metal produced by EC on medium salinity 
showed to be even higher than for the lower salinity produced water. 
The effect of current and oil concentration for the TOC removal on initial pH value 
being constant and equal to 6, 7, and 8 is shown in Figure 21. The model indicates 
water initially more alkaline and with higher oil concentration worsens the TOC 
removal, especially for lower current. The initial pH also had a similar influence as 
for the lower salinity.  
Therefore, the model here obtained gives a good indication of the expected behavior 
for this medium salinity produced water. The final TOC varied from 2.0 to 15.8 mg/L 
at current equal to 6 amperes. Thus, EC at the proposed parameters here showed to 
be very efficient as a de-oiling technology for this salinity.  
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Figure 21. Effect of current and oil concentration on TOC removal at: (a) initial pH=6 (b) initial pH=7 
and (c) initial pH=8 
Turbidity Removal  
The effect of initial pH value and oil concentration for turbidity removal at different 
current is shown in Figure 22. Higher turbidity removal was obtained applying 6 
amperes on the EC cell and increasing the current did not considerably change the 
answer. 
The region for very high TOC removal gave in some cases lower turbidity removal 
and it is believed to be due to unsettled flocs as in the case for lower salinity 
produced water.  Furthermore, higher particle removal was achieved with current 
over 6 amperes which indicates at higher coagulant dosage the formation of flocs is 
better suited for settling separation. A filtration step or other assisted separation 
step after EC could benefit the treatment of medium salinity produced water to 
produce more clear water and the same removal of TOC obtained here. 
 
   
Figure 22. Effect of initial pH value and oil concentration on turbidity removal at: (a) current=3A; (b) 
current=6A and (c) current=9A 
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The final TOC varied from 2.0 to 15.8 mg/L and final turbidity under 5 NTU at 
current equal to 6 amperes for medium produced water. The ratio of mg of TOC per 
mg of coagulant was even higher than the low salinity produced water and the 
expected hexane extraction result should be under 1 mg/L. Therefore, EC has a very 
efficient level of carbon removal for medium produced water on a wide range of 
initial pH value and oil concentration.  
5.5.3 Produced Water with High Salinity 
Organic Compounds Removal 
High removal of TOC was achieved at all currents applied. The effect of initial pH 
value and oil concentration on the TOC removal for applied currents of 3, 6 and 9 
amperes can be seen in Figure 23. 
Even though the experiments were equally performed for all salinities of produced 
water, the initial TOC obtained here was much smaller with a maximum of 317.29 
mg/L. It may be due to the increasing difficulty of the dispersed oil continuing in this 
state without an external emulsion stabilizer for such high ionic strength water. For 
this reason, the graphics show a smaller scale for the oil concentration. 
 
     
Figure 23. Effect of initial pH value and oil concentration on TOC removal at: (a) current=3A; (b) 
current=6A and (c) current=9A 
Furthermore, the region of removal more than 90% presents a negligible change 
with the increment of the current applied. This indicates the optimum for EC with 
high salinity produced water can be under 3 amperes. Further analysis of the data 
showed a removal above 85% for 1 ampere at neutral pH and 208.00 mg/L of TOC. 
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This is illustrated in Figure 24 where the removal of TOC is almost independent for 
the range of current tested and confirms the optimum region is reached at 1 ampere.  
Considering the effect of initial pH value on the removal, no significant difference 
was found between the moderate alkalinity, acid, and neutral water (Figure 24). 
This is because it lies very near of the residual of the model, with 5% more on the 
removal there would most likely be an overdose for this salinity. 
 
   
Figure 24. Effect of current and oil concentration on TOC removal at: (a) initial pH=6 (b) initial pH=7 
and (c) initial pH=8 
The ratio mg of TOC per mg of aluminum for the two smallest currents applied in 
this water was on average 16.2 with large variation, although it was higher than 4.2. 
Moreover, we found the ratio mg of TOC per mg of aluminum increases on average 
with the salinity. 
The final TOC for the two smallest currents varied were between 9.83 to 27.53 mg/L. 
Even though it was not seen a great change on the removal increasing the current 
and most likely it already arrived to the optimum region for high salinity water, 
these results reveled EC was very efficient for produced water. A smaller current 
could be applied to treat produced water with high salinity. 
The removal of organic compounds was not necessarily related to the removal of 
particles because there were runs where high TOC removal did not correspond to 
high turbidity removal. Most likely it is due to the high variance of the turbidity 
before EC caused by the difference in droplet size and number at a determined time 
at which light was scattered and absorbed. Furthermore, the inability of the 
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variables here chosen to explain the response on high salinity indicates the model 
for turbidity needs other variables to be complete. Besides the variables 
independents, a correction considering size droplets for the untreated emulsion 
could be a mitigation of error and variation on the turbidity measurement.  
Thus, EC demonstrated to have above 80% of TOC removal in a very large range of 
initial pH value and oil concentration for every salinity in this work that was tested. 
It is fundamental to note that the efficiency in TOC removal obtained here was 
demonstrated to be above many technologies described in Chapter 3. Furthermore, 
our approach towards having realistic operating conditions and smallest treatment 
time achievable shows a clear advantage for this application over many previous 
studies with EC (Table 10).  
We have presented here in this section transferable conditions and expected answer 
and these observations have several implications for the use of EC on produced 
water. Low concentrations of oil in produced water will impair the TOC removal in 
all cases of salinities and use of materials to increase the particle concentration can 
be beneficiary to the oil removal. Initial pH values near of 8 will have a more 
delimited characteristics of produced water to obtain TOC removal above of 95% 
for up to medium salinity. Increasing the salinity of produced water there is a 
tendency to diminish the coagulant demand.        
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5.6 Influence of Hydrogen Carbonate 
Produced water resulting from areas where it is common to find carbonate rock 
formations usually has higher hydrogen carbonate content. Since the optimization 
was made including initial pH value and its variation, the synthetic produced water 
could not contain these ions, but a study was made to see how hydrogen carbonate 
could influence the experiments findings. 
Tests were made on duplicates of salinities from the synthetic produced water by 
introducing 700 mg/L of hydrogen carbonate. This concentration is within the range 
normally found in produced water (Table 1) and higher than the median value found 
in Brazilian produced water which was 436 mg/L from 2005 to 2006 (Gabardo, 
2007, pg 67). The average results of these tests applying 6 amperes are shown in 
Table 24.  
The removal of TOC observed did not differ significantly from the value indicated by 
the model and it was the same for turbidity. Thus, the presence of moderate 
hydrogen carbonate concentrations in produced water did not greatly affect the 
indication obtained by the TOC removal models and those previously discussed for 
each salinity.   
Table 24. Results for synthetic produced water with 700 mg/L of hydrogen carbonate at 6 amperes 
Synthetic 
salinity pH initial 
Oil in water 
[mg/L] 
TOC 
removal [%] 
Model TOC 
removal [%] 
Turbidity 
removal [%] 
Model 
Turbidity 
removal [%] 
TOC final 
[mg/L] 
Low 8.19 277.27 90.68 84.24 89.11 91.12 24.79 
Medium 7.93 235.38 89.30 98.13 89.59 94.82 24.99 
High 7.63 241.09 89.65 91.37 86.63 - 24.93 
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5.7 Real Produced water 
The results presented in this work are based on synthetic water, but the real 
produced water has a much more complex composition (see Table 11 and Table 13). 
Real produced water was obtained to test the representativeness of the experiments 
with synthetic water. Test and repetition were performed to analyze how the data 
fit from the experiments matched the results obtained from the test with real 
produced water. 
The real produced water contained 40900 mg/L of chloride (Table 13) and 
therefore, the data fits for medium salinity were used for comparison. Moreover, the 
sample obtained showed high buffer capacity and for this reason the model related 
for pH value change was not employed. Since the real produced water had only a 
very low oil concentration of on average 30 mg/L of, crude oil from the sample 
location was added and mixed. A current of 6 amperes was chosen because the 
initial TOC would be known only after the treatment and this level of aluminum 
dosage showed to be the optimum for medium salinity. The results in average 
obtained with EC on the real produced water and data fit with its upper and lower 
limits in parentheses are shown in Table 25. The limits of the model are calculated 
considering a level of 95% probability. 
Table 25. Results for real produced water and EC 
Initial TOC 
[mg/L] Intial pH Current [A] Final pH 
TOC 
removal [%] 
Pred. TOC 
removal [%] 
Turbidity 
removal [%] 
Pred. 
Turbidity 
removal [%] 
205.13 5.39 6 5.71 77.34 
(68.23) 
82.28 
(96.34) 
21.40 
(74.02) 
96.36 
(100.00) 
The model for TOC, in the present study indicates a removal of 82.28% while the 
observed value with real produced water was 77.34% for the duplicates made, 
showing those values match rather well. The final TOC had an average of 46.00 mg/L 
and the ratio mg of TOC per mg of aluminum averaged at 4.2. The energy 
consumption for this value had an average of 0.18 kWh/m³and operating cost equal 
to 0.11 USD/m³ (cost involving energy and aluminum electrode consumption). The 
most striking results emerge from the data obtained is a very good match of the real 
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removal and the theoretical value obtained with synthetic water. This real produced 
water was expected to follow better the predictions obtained on the TOC removal 
for medium salinity. The initial conditions of the real produced water and the 
current chosen are well represented in Figure 20(b) and the TOC removal was 
predicted to be around 80%. This shows a transferable knowledge obtained from 
the models with the synthetic water to the real produced water.   
Al-Maamari at al. (2012) tested different dosages of poly-aluminum chloride on real 
produced water after a flotation tank. They obtained dispersed oil concentration 
(throughout extractions techniques) under 50 mg/L with polyaluminum chloride 
ranging from 60 to 185 mg/L. Rosenblum et al. (2016) studied produced water after 
hydraulic fracturing and a specific case with an initial TOC of 164 mg/ L and a TDS 
concentration of 42 g/L needed nearly 500 mg/L of polyaluminum chloride to 
reduce the total petroleum hydrocarbon by 75%. Thus, those results related to oil 
removal presented in this study indicate EC is very efficient and it shows acceptable 
costs making it suitable for this application. 
However, the observed turbidity removal (21.40%) expressed a very different value 
than from the experiments with synthetic produced water, where a removal 
efficiency of 96.36% was found, and which exhibited a final turbidity equal to 40.0 
NTU. The poor agreement for turbidity removal can be due to the many compounds 
in the emulsion and that were not considered in the synthetic produced water. 
Absorptometric methods with reliable model could allow the automation for the 
current setting and online control of the EC. Identifying a correction function 
depending on drop sizes and quantities in the raw emulsion and the inclusion of 
other influencing factors could allow the automation using absorptometric methods 
for EC. 
Conclusively, EC showed to be very efficient in removing organic matter on real 
produced water with very low energy demand and metal dosage (38.0 mg/L of Al) 
after 3 seconds of residence time (section 5.11 and Table 14). Moreover, there was 
a good agreement between experiments with synthetic and real produced water for 
TOC removal, but more studies should be conducted for reliable turbidity removal 
description. 
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5.8 Boron Removal 
The higher boron concentration in de-oiled produced water hinders the reuse for 
shale activities and the removal of this compound is usually very expensive. 
However, the preliminary tests performed in this work with EC revealed 
noteworthy removal at an inexpensive cost. 
Electrolysis was performed on medium salinity (initial pH= 6.8) and current equal 
to 11 amperes, which resulted in an average removal of 67%. Removal efficiency 
decreased to 43% on average for 22 amperes at the same conditions and final pH 
value was near 7.9 for both currents applied. The highest current of the experiments 
(see Table 12) and twice of this were chosen because previous studies found the 
aluminum concentration was extremely high for boron abatement (Isa et al., 2014; 
Chellam, 2015). Isa et al. (2015) found the effective (>90%) boron removal could be 
achieved at ratios aluminum per boron concentration above 70. 
This preliminary study does not appear to corroborate with previous findings 
(Ezechi et al., 2014) because the higher charge applied resulted in higher removal. 
Even though other scientific groups could achieve higher removal using EC, the 
contact time was extremely high up to almost 1.5 hours (Ezechi et al., 2014; Hasnain 
Isa et al., 2014). Consequently, the energy demand and the volume of an EC reactor 
would be extremely unrealistic as a solution related to produced water treatment in 
the field. Furthermore, the chemical coagulation using aluminum sulfate 
demonstrates the necessity of impractical dosages with coagulants over 9000mg/L 
for 80% removal (Chorghe et al., 2017).  
Even though further optimization is necessary to obtain more concrete conclusions, 
the results obtained here indicate EC can be operated in a more practical manner 
and achieve considerable boron abatement. Thus, this elevates the value of EC for 
produced water treatment and the advantages it has over other treatment methods.  
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5.9 Estimation of the Size for EC in Full scale 
The technologies applied offshore require a very low footprint whereas in onshore 
scenarios this would not be so critical. The optimization method adopted in this 
work was considering as small a residence time as possible to analyze its viability 
even for offshore applications. 
The size estimation required for different water flows using linear relationship is 
shown in Table 26. The residence time of 3 seconds were used to calculate the 
required space only for the fluid, referred as “volume for fluid” in Table 26. Although, 
a factor of 2.5 times more of this calculated space was used to estimate the required 
space for a EC unit on an offshore platform to make account for electrodes and 
reactor wall. The estimation shows there is a very low space requirement, even for 
the highest water flow considered, and its importance cannot be understated.  
Table 26. Estimation of size requirement for EC reactor 
  Water flow [m³/day] Volume for fluid [m³] Volume occupied by  EC reactor [m³] 
Small 2000 0.07 0.2 
medium 8000 0.28 0.7 
High 30000 1.04 2.6 
Remarkably, the EC reactor and its electrical apparatus could be built inside an air 
pressurized container even for the highest flow considered. This is crucial for cost 
and space reduction since the unit must be appropriate for transportation to the 
field, and work in an explosive gas atmosphere and in a compact manner. The results 
for oil removal without the help of hazardous chemicals and the approach in this 
work to consider the size requirements offer evidence for the practicality and 
technical viability for EC in oilfield produced water treatment.  
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5.10 Produced Water with Very Low Salinity and EC 
A decrease in the salinity of the water augments resistance and energy consumption 
for EC which will greatly impact the cost of the treatment. 18 test series were carried 
out with operation conditions described in Table 12 for extremely low salinity and 
4 seconds of treatment time. This was made to evaluate the resulting costs on a 
resistance that produced water can rarely demonstrate (see  Table 1 and Table 11). 
The experimental and fitted values, 𝛽𝑖coefficients, R², and p-value for the models are 
shown in Table 27. The models present statistical significance and good accuracy. 
Table 27. CCD design with its experimental and predicted value, coefficients for the Eq. 39, R² and 
p-value for TOC and turbidity removal model [%] 
 TOC rem. [%] Turbidity rem. [%]  Coefficients of 
Eq. 39 for TOC 
Coefficients of Eq. 
39 for turbidity 
Run Exp. Pred. Exp. Pred.    
1 91.02 91.05 62.79 61.17 𝛽0 1.08E+05 -1.66E+01 
2 91.31 89.62 78.21 70.23 𝛽1 1.68E+01 2.46E-01 
3 96.95 96.92 91.23 92.25 𝛽2 2.02E+03 1.86E+01 
4 96.36 96.50 94.43 97.81 𝛽3 -7.07E+03 -1.58E+00 
5 94.99 95.28 76.16 73.02 𝛽11 -1.96E-02 -7.35E-05 
6 87.16 90.52 65.91 69.67 𝛽33 3.58E+02 8.50E-01 
7 97.59 97.61 95.54 99.46 𝛽22 -9.24E+01 -7.91E-01 
8 97.26 98.09 96.63 94.99 𝛽23 1.15E+02 -4.45E-01 
9 95.87 96.22 85.21 85.06 𝛽12 -2.68E+00 -4.48E-03 
10 97.30 96.70 90.53 92.10 𝛽13 3.61E+00 -2.30E-02 
11 89.00 88.25 39.69 44.83 R² 0.889 0.9506 
12 97.83 97.71 97.41 93.18 p-value 0.003754 0.0002166 
13 92.13 91.72 82.06 81.84 Residual 1.516 4.617 
14 97.71 97.78 89.50 89.17    
15 95.17 94.88 86.93 88.17    
16 96.54 96.30 90.70 90.08    
17 92.57 93.44 86.18 85.77    
18 96.97 95.81 88.98 89.62    
The TOC removal for the lowest current was 89.00%, indicating that increasing 
treatment time to 4 seconds will reach the optimum region with the lowest current 
tested here. It was observed on average a ratio of 15.86 mg of TOC/mg of Al for the 
lowest two current values.  
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5.11 Estimation of Operation Cost  
Any technology for the treatment of oilfield produced water demonstrating 
technical viability must have a comparable cost to those practiced today and 
reviewed in Chapter 2.2.3. With the approach adopted in this work, the estimated 
cost is comparable to that of the primary treatment adopted today and additionally 
exhibits other advantages.  
The cost of EC for the different salinities is shown in Table 28. For the estimation, 
the following costs were used: 2.25 USD/kg for aluminum; 0.1 USD/kWh, and 15 
USD/m³ for sludge disposal. The cost was divided and calculated with and without 
the handling of the sludge because sometimes this is neglected. 
Table 28. Operation cost estimation of EC on produced water in USD/m³ of water, and USD/bbl in 
parenthesis 
Salinity 
Current 
[A] 
Energy 
demand 
kWh/m³ 
Energy cost  
Coagulant 
cost  
Sludge 
[%v/v] 
Cost Sludge 
handling  
Total cost 
Total cost 
without sludge 
Low 6 0.19 ± 13% 0.019 0.09 2.5 0.375 0.48 (0.08) 0.109 (0.02) 
Low 9 0.35 ± 6% 0.035 0.13 4.4 0.660 0.83 (0.13) 0.165 (0.03) 
Medium 3 0.11 ± 25% 0.011 0.04 3.5 0.525 0.58 (0.09) 0.051 (0.01) 
Medium 6 0.2 ± 18% 0.020 0.09 3.4 0.510 0.62 (0.10) 0.11 (0.02) 
High 3 0.08 ± 9% 0.010 0.04 2.4 0.360 0.41 (0.06) 0.05 (0.01) 
Very low 3 0.22 ± 2% 0.022 0.04 1.3 0.190 0.25 (0.04) 0.06 (0.01) 
Very low 9 1.30 ± 4% 0.123 0.13 1.3 0.190 0.44 (0.07) 0.25 (0.04) 
Sometimes the energy consumption had a high coefficient of variation and it was 
mainly due to the contact pieces on the electric part of the EC cell. The electric 
contact of the electrodes can be improved to further improve laboratory or pilot 
scale studies. The cases for low, medium, and high salinity are the most realistic 
having cost of energy and aluminum consummation ranging from 0.05 to 0.16 
USD/m³ (up to 0.03 USD/bbl). The sludge handling has a strong impact on the final 
cost. Still, even the maximum estimated cost is 0.83 USD/m³ (0.13 USD/bbl), 
including sludge handling.  
The very low salinity scenario is an extreme case to be encountered in real produced 
water. Although, tests were performed for this type of water with a higher residence 
time (4.5 seconds ± 1%) to verify the energy cost for increased resistance in water. 
The cost for very low salinity goes up to 0.25 USD/m³ (0.04 USD/bbl) without sludge 
handling and 0.44 USD/m³ (0.07 USD/bbl) with the sludge handling cost included. 
 97 
 
Oilfield Produced Water Treatment with Electrocoagulation 
There is not much information available for the industry cost related to the 
treatment of produced water. Often when these numbers are found, no details are 
given about the method of calculation and assumptions like the capability of 
treatment and capital expenditure. In the 2000 the cost for only chemicals used in 
onshore was around 0.26 USD/m³ (0.04 USD/bbl) (Bailey et al., 2000).  
After EC, a separation of oil and water is necessary and if a filtering unit is 
implemented the highest total cost would be 1.00 USD/m³ (Bailey et al., 2000). The 
operation cost of EC and total cost of a filtering system is below of the primary 
treatment cost once stated by Fedotov et al. (2013) being in the range from 6.29 to 
12.58 USD/m³. Therefore, the cost for all cases, including the less probable case of 
higher water resistance and energy consumption with a estimation of a filtering 
system, showed remarkable evidence for the economic viability of EC for this 
application.   
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6. Conclusion and Recommendations 
6.1 Conclusion 
Efficient and realistic pretreatment for onshore/offshore scenarios are the major 
impediment to overcome the economic and technical challenges for the treatment 
and/or reuse of produced water. Even though EC turns out to be a very efficient 
primary treatment in previous studies, there is a lack of studies to outline operating 
conditions in a realistic manner for this application. In this work, an experimental 
study exploring numerous variations of the crucial influencing parameters was 
undergone to answer how and when EC is efficient and realistic to use on produced 
water. The main objective was to obtain cleaner produced water and to identify 
beneficial operation conditions for EC facilitating further processing towards reuse. 
A new approach to design an EC cell was presented in order to respect the most 
critical variables to this particular application: treatment of onshore and offshore 
produced water. This work has highlighted the importance of treatment time for the 
EC process in this area and the resulting energy consumption and operating cost. 
After these criteria being successfully fulfilled by the self-designed EC cell in the first 
results, the TOC removal was optimized and the influence of the variables here 
studied (pH value, current and oil concentration) were analyzed. For this we have 
developed a strategy which can represent a broad range of produced water and it 
was suggested a statistical model with variables easy to determine their values.  
The main target for this thesis was TOC removal due to its importance in regulations, 
and the second major focus was turbidity removal. The side-effects important for 
further processing of produced water were also studied here: the aluminum 
released on EC and its deviation from Faraday’s law; change of the final pH value; 
influence of hydrogen carbonate on TOC and turbidity removal; preliminary 
experiments for boron removal and residual aluminum; size estimation for the EC 
reactor in a full scale and estimation of operational cost.  
For this work, the coagulant concentration released during the electrolysis in the 
water did not follow Faraday´s law. It is probably due to chemical reaction with the 
electrodes during EC. The aluminum concentration was 1.4 ±0.2 above the 
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theoretical values. Furthermore, the residual aluminum from EC after a membrane 
filtration (0.45 µm) indicates that it has the same level obtained from chemical 
coagulation. 
The pH value of water after EC was between 7 and 8 and it could be well described 
through data fit with high statistical significance and accuracy for waters without 
buffer capacity. The contribution of current on the final pH was linear as expected 
and the initial pH correlated with the change of pH value in a parabolic manner. 
Furthermore, the closer the final pH value is to 9, the smaller is the slope of final pH 
as function of the current applied and this indicates well the buffer capacity know 
from EC. 
In summary, we have demonstrated EC exhibited a removal efficiency above 80% 
for TOC in a very large range of initial pH and oil concentration for every salinity 
investigated in this work. EC with aluminum showed an average ratio above 5.10 
mg of TOC/ mg of Al and final TOC in the optimum conditions varied from 2.00 to 
30.80 mg/L. This indicates the coagulant liberated by EC using aluminum 
electrodes. The operational parameters optimized here had great effectiveness in a 
large range of initial pH value and organic content. Furthermore, this presents an oil 
removal above that of many technologies tested for real and synthetic produced 
water (Chapter 3). Additionally, the presence of a moderate concentration of 
hydrogen carbonate on the synthetic produced water did not adversely affect the 
TOC removal. 
The evidence from the turbidity removal study indicates the clarity of the water was 
compromised when applying less intense current on EC, while it did not correspond 
to smaller organic removal. The turbidity was less consistent with an increase of the 
salinity, and besides, the turbidity of the raw emulsion had a very high variance for 
the same sample. The use of another operating unit that traps smaller flocs on lower 
current applied would be beneficial for the whole treatment chain without 
compromising the organic removal. Furthermore, the presence of moderate 
hydrogen carbonate content in synthetic produced water did not affect the 
indication of turbidity removal level.  
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The evidence from treatment of real produced water indicates a very efficient 
organic removal with very small metal dosage, treatment time, and energy demand 
using EC. Moreover, the data fit for TOC removal could indicate well the behavior of 
this response, but not for turbidity removal models. This suggests the variables 
studied here do not explain the behavior for turbidity removal very well. 
Initial results were presented to boron removal using EC. This is the first step 
towards the optimization of the boron abatement that can have a strong impact on 
produced water reuse for fracking. A significant removal (67%) was obtained at the 
highest current on the design of experiment, indicating EC can also remove boron 
efficiently. 
We have found an innovative approach to design EC and obtain the optimum 
parameters regarding the reality of a produced water primary treatment in an 
onshore/offshore scenario. The estimation of volume required for different flows of 
produced water and operational cost offer powerful that evidence EC is a viable 
technology for upstream treatment. This study is the first step towards enhancing 
the treatment of produced water aiming for further processing for reuse. The 
present finding has important implications for the scale up process of EC for 
upstream or guidelines for using it in real produced water. 
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6.2 Recommendations for Future Work 
Scale up on EC for upstream 
Our results are encouraging and should be validated in a pilot scale on an oilfield to 
assess the approach for the scale using similar hydrodynamics characteristics and 
coagulant dosage from this work. The challenge would rely on achieving the 
optimum for: the number of EC reactors through which the flow should be divided, 
the electric design, and an automatic cleaning procedure to diminish labor.  
Further processing and reuse 
This research has raised many questions for further optimization on the whole 
treatment chain aiming for reuse.  The most applicable technology for producing 
water for reuse as recharge underground bodies or rivers is MVC because of its long 
operation without maintenance and relatively low energetic demand. Although, 
produced water should be de-oiled and scaling compounds precipitated before the 
MVC, hence a nanofiltration unit after EC could make the whole chain more 
economically feasible. Even though the destination of treated produced water is not 
for reuse, an optimization of a separation unit after EC, such as: compact flotation 
units, DAF, and filtration are recommended. 
Online optimization for EC 
The human interference for EC optimization online can be reached if more reliable 
turbidity measurement for raw emulsion and the modeling of its removal are 
developed. Turbidity with correcting techniques involving particle counts and drop 
sizes can turn into valuable results because of its simple response and possibility to 
be integrated into the inlet tubing.  
Recommendations for any research related to upstream produced water 
Many academic studies for produced water had focused on more general practices 
in the scientific community. Although the values chosen on experimental designs 
should respect the operation in the field, as it have been mentioned and 
implemented in this work.  
 102 
 
Bibliography 
Al-Maamari, R., Sueyoshi, M., Tasaki, M., Okamura, K., Al-Lawati, Y., Nabulsi, R., Al-
Battashi, M., 2014. Flotation, Filtration, and Adsorption: Pilot Trials for Oilfield 
Produced-Water Treatment. Oil and Gas Facilities Journal 56-66 
Al-Maamari, R.S., Sueyoshi, M., Tasaki, M., Okamura, K., Al-Lawati, Y., Nabulsi, R., Al-
Battashi, M., 2012. Flotation, filtration, and adsorption pilot trials for oilfield 
produced water treatment. SPE-161289  
Alzahrani, S., Mohammad, A. W., 2014. Challenges and trends in membrane 
technology implementation for produced water treatment: A review. Journal of 
Water Process Engineering 4, 107-133 
Anres, S., Delaplace, T., Skivington, G., Mateen, K., Kusinski, G., 2014. Deepstar 11901: 
Subsea Low Salinity Injection Water for Increased Oil Recovery. Offshore 
Technology Conference. OTC-25325  
Aroussi, A., & Benyahia, F., 2012. Proceedings of the 3rd International Gas 
Processing Symposium, Volume 3. Elsevier Science 
Arthur, J. D., Langhus, B. G., Patel, C., 2005. ALL Consulting, LLC. Accessed January 
2017, <http://www.all-llc.com/publicdownloads/ALLConsulting-
WaterTreatmentOptionsReport.pdf> 
Asatekin, A., Mayes, A.M., 2009. Oil Industry Wastewater Treatment with Fouling 
Resistant Membranes Containing Amphiphilic Comb Copolymers. 
Environmental Science & Technology 43, 4487-4492 
Baker, R.W., 2012. Membrane Technology and Applications. Wiley 
Bailey, B., Crabtree, M., Tyrie, J., Elphick, J., Kuchuk, F., Romano, C., Roodhart, L., 
2000. Water control, Oilfield Review 12, 30–51 
Bell, E.A., Poynor, T.E., Newhart, K.B., Regnery, J., Coday, B.D., Cath, T.Y., 2017. 
Produced water treatment using forward osmosis membranes: Evaluation of 
extended-time performance and fouling. Desalination 525, 77-88 
 103 
 
Oilfield Produced Water Treatment with Electrocoagulation 
Bonfá, M.R.L, Grossman, M.J., Mellado, E., Durrant, L., 2011. Biodegradation of 
aromatic hydrocarbons by Haloarchaea and their use for the reduction of the 
chemical oxygen demand of hypersaline petroleum produced water. 
Chemosphere 84, 1671-1676 
Boysen, J., Boysen, D., Boysen, T., Sorensen, J., 2002. U.S. Department of Energy. 
Accessed January 2017, <https://www.osti.gov/servlets/purl/822934> 
Bratby, J., 2006. Coagulants and Flocculation in Water and Wastewater Treatment. 
IWA Publishing, London 
Cañizares, P., Martínez, F., Jiménez, C., Sáez, C., Rodrigo, M.A., 2008. Coagulation and 
electrocoagulation of oil-in-water emulsions. Journal of Hazardous Materials 
151, 44-51 
Cañizares, P., Mart, F., Lobato, J., Rodrigo, M.A., 2007.  Break-up of oil-in-water 
emulsions by electrochemical. Journal of Hazardous Materials 145, 233–240 
Çakmakci, M., Kayaalp, N., Koyuncu, I., 2008. Desalination of produced water from 
oil production fields by membrane processes. Desalination 222, 176-186 
Chen J.P., Wang L.K., Yang L., Zheng Y.M., 2011. Desalination of Seawater by Thermal 
Distillation and Electrodialysis Technologies. Membrane and Desalination 
Technologies. Handbook of Environmental Engineering, vol 13. Humana Press, 
Totowa, NJ 
Chorghe, D., Sari, M.A., Chellam, S., 2017. Boron removal from hydraulic fracturing 
wastewater by aluminum and iron coagulation: Mechanism and limitations. 
Water Research 126, 481-487 
Ciarapica, F.E., Giacchetta, G., 2003. The treatment of produced water in offshore rig: 
comparison between traditional installations and innovative systems. 
Presented at the Fifth International Membrane Science & Technology 
Conference, University of New South Wales, Sydney, Australia.  
 104 
 
Clayton, R., 2015. A Review of Current Knowledge. Desalination for Water Supply. 
Foundation for Water Research. Accessed January 2017, 
<http://www.fwr.org/desal.pdf> 
Corrêa, A. X. R., Tiepo, E.N., Somensi, C.A., Sperb, R.M., Radetski, C.M., 2010. Use of 
Ozone-photocatalytic Oxidation (03/UV/tiO2) and Biological Remediation for 
Treatment of produced Water from petroleum Refineries. Journal of 
Environmental Engineering 136, 40-45. 
Daigle, T.P., 2012. Research partnership to Secure Energy for America (RPSEA). 
Accessed January 2017, <https://rpsea.org/sites/default/files/2018-06/09121-3100-
01-FR-UDW_Discharge_Produced_Water_Solids_Seabed-04-24-12_P.pdf>  
Das, N., Chandran, P., 2011. Microbial Degradation of Petroleum Hydrocarbon 
Contaminants: An Overview. Biotechnology Research International. doi: 
10.4061/2011/941810.  
Das, P.C., 2012. Selection of Technology for Produced Water Treatment. SPE-151864 
Dastgheib, S.A., Knutson, C., Yang, Y., Salih, H.H., 2016. Treatment of produced water 
from an oilfield and selected coal mines in the Illinois Basin. International 
Journal of Greenhouse Gas Control 54, 513-523 
Deng, Y., Zhao, R., 2015. Advanced Oxidation (AOP) in wastewater treatment. 
Current Pollution Reports 1, 167-176. 
Dennis, R.S., 2007. Continuous Ion Exchange for Wyoming CBM Produced-Water 
Purification: Proven Experience. SPE-106820. 
Doyle, D.H., Brown, A.B., 2000. Produced Water Treatment and Hydrocarbon 
Removal with Organoclay. SPE-63100  
Drewes, J., Cath, T., Debroux, J., Veil, J. Research partnership to Secure Energy for 
America (RPSEA). Accessed January 2017, < 
http://aqwatec.mines.edu/research/projects/Tech_Assessment_PW_Treatme
nt_Tech.pdf> 
 105 
 
Oilfield Produced Water Treatment with Electrocoagulation 
Duhon, H., 2012. Society of Petroleum Engineers(SPE). Accessed January 2017, < 
https://www.spe.org/en/print-article/?art=362> 
Ebrahimi, M., Willershausen, D., Ashaghi, K.S., Engel, L., Placido, L., Mund, P., 
Bolduan, P., Czermak, P., 2010. Investigations on the use of different ceramic 
membranes for efficient oil-field produced water treatment. Desalination 250, 
991-996 
Echeverría, V., Monsalve, G., & Vidales, H., 2002. Continuous treatment of oily sludge 
at Colombian refineries. CT and F - Ciencia, Tecnologia Y Futuro, 2(3), 61–70 
Ely, J.W., Horn, A., Cathey, R., Fraim, M., Jakhete, S., 2011. Game Changing Technology 
for Treating and Recycling Frac Water. SPE-145454. 
Emamjomeh, M., Sivakumar, M., 2006. An empirical model for defluoridation by 
batch monopolar electrocoagulation/flotation (ECF) process. Journal of 
Hazardous Materials B131, 118-125 
Ernst, M., Jekel, M., 1999. Advanced treatment combination for groundwater 
recharge of municipal wastewater by nanofiltration and ozonation. Water 
Science and Technology 40, 277-284 
Esmaeilirad, N., Carlson, K., Ozbek, P.O., 2015. Influence of softening sequencing on 
electrocoagulation treatment of produced water. Journal of Hazardous 
Materials 283, 721-729 
Ezechi, E. H., Hasnain Isa, M., Rahman Mohamed Kutty, S., Yaqub, A., 2014. Boron 
removal from produced water using electrocoagulation. Process Safety and 
Environmental Protection 92, 509-514. 
Fakhru’l-Razi, A., Pendashteh, A., Abdullah, L.C., Biak, D.R.A., Madaeni, S.S., Abidin, 
Z.Z., 2009. Review of technologies for oil and gas produced water treatment. 
Journal of Hazardous Materials 170, 530–551 
Fedotov, V., Gallo, D., Hagemeijer, P.M., Kuijvenhoven, C., 2013. Water Management 
Approach for Shale Operations in North America. SPE-167057-MS 
 106 
 
Fernández-Torres, M.J., Randall, D.G., Melamu, R., von Blottnitz, H., 2012. A 
comparative life cycle assessment of eutectic freeze crystallization and 
evaporative crystallization for the treatment of saline wastewater. Desalination 
306, 17-23 
Fraim, M., Jakhete, S., 2015. Sustainable Flow Back and produced water treatment 
using a next generation electrooxidation reactor. SPE-174813 
Gabardo, I.T., 2007. Caracterização química e toxicológica da água produzida 
descartada em plataformas de óleo e gás na costa brasileira e seu 
comportamento dispersivo. (In Brazilian university) PhD diss., UFRN. 
Gallert, C., Winter, J., 1999. Bacterial Metabolism in Wastewater Treatment Systems. 
Wiley-VCH Verlag GmbH. doi: 10.1002/9783527620944.ch2 
Gamage., N., Chellam, S., 2011. Aluminum electrocoagulation pretreatment reduces 
fouling during surface water microfiltration. Journal of Membrane Science 379, 
97-105 
Gao, S., Du, M., Tian, J., Yang, J., Yang, J., Ma, F., Nan, J., 2010. Effects of chloride ions 
on electro-coagulation-flotation process with aluminum electrodes for algae 
removal. Journal of Hazardous Material 182, 827-834 
Ghanem, H., Rosiwal, S., Göltz, M., 2016. Application of electrochemical treatment 
technology of produced water of a heavy oil field, via boron doped diamond 
BDD Electrode. SPE-181178.  
Guolin, J., Lijie, X., Yang, L., Wenting, D., Chunjie, H., 2010. Development of a four-
grade and four-segment electrodialysis setup for desalination of polymer-
flooding produced water. Desalination 264, 214-219 
Hailemariam. L.M, Johnson, A., Abhishek, R., Olanrewaju K., Reyntjens, K., 2014. 
Membranes for Produced Water Treatment. Encyclopedia of Membrane 
Science and Technology, pp.1-35. 
Hamdan, S.S., El-Naas, M.H., 2014. An electrocoagulation column (ECC) for 
groundwater purification. Journal of Water Process Engineering 4, 25-30 
 107 
 
Oilfield Produced Water Treatment with Electrocoagulation 
Hakizimana, J.N., Gourich, Vial, Ch., Drogui, P., Oumani, A., Naja, J., Hilali, L., 2016. 
Assessment of hardness, microorganism and organic matter removal from 
seawater by electrocoagulation as a pretreatment of desalination by reverse 
osmosis. Desalination 393, 90-101 
Hakizimana, J.N., Gourich, B., Chafi, M., Stiriba, Y., Vial, C., Drogui, P., Naja, J., 2017. 
Electrocoagulation process in water treatment: A review of electrocoagulation 
modeling approaches. Desalination 404, 1-21 
Hart, A.D., Graham, B.D., Gettleson, D.A., 1995. NORM Associated with Produced 
Water Discharge. SPE-29727 
Harif, T, Khai, M., Adin, A., 2012. Electrocoagulation versus chemical coagulation: 
Coagulation/flocculation mechanism and resulting floc characteristics. Water 
Research 46, 3177-3188. 
He, Y, Liang Z.W., 2008. Treating oilfield wastewater. Filtration+Separation; Jun 14-
16: technology Review 
Heins, W.F., 2010. Is a Paradigm Shift in Produced Water Treatment Technology 
Occuring at SAGD Facilities? SPE-132804 
Heins, W.F., 2008. Operational Data From the World´s First SAGD Facilities Using 
Evaporators to Treat Produced Water for Boiler Feedwater. Jounal of Canadian 
Petroleum Technology (v.47), No. 9 
Hernández-Sancho, F., Sala-Garrido, R., 2009. Technical efficiency and cost analysis 
in wastewater treatment processes: A DEA approach. Desalination 249, 230-
234 
Henthorne, L., Boysen, B., 2015. State-of-the-art of reverse osmosis desalination 
pretreatment. Desalination 356, 129–139 
Henthorne, L., Standard, W., Walsh, J., Llano, V., 2013. Water Management for EOR 
Applications - Sourcing, Treating, Reuse and Recycle. OTC-24199 
 108 
 
Horn, A.D., 2009. Breakthrough Mobile Water Treatment Converts 75% of 
Fracturing Flowback Fluid to Fresh Water and Lowers CO2 Emissions. SPE-
121104. 
Hu, G., Li, J., Zeng, G., 2013. Recent development in the treatment of oily sludge from 
petroleum industry: A review. Journal of Hazardous Materials 261, 470-490.  
Hutnan, M., Drtil, M., Kalina, A., 2006. Anaerobic stabilization of sludge produced 
during municipal wastewater treatment by electrocoagulation. Journal of 
Hazardous Materials B131, 163-169 
Hussain, A., Janson, A., Adham, S., 2014. Treatment of Produced Water from 
Unconventional Resources by Membrane Distillation. IPTC-17481 
Hussain, A., Minier-Matar, J., Janson, A., Gharfeh, S., Adham, S., 2014. Advanced 
Technologies For Produced Water Treatment And Reuse. IPTC-17394-MS 
International Association of Oil & Gas Producers (IOGP), 2013. Environmental 
Performance Indicators-2012 data. Acessed February 2017, < 
https://www.iogp.org/blog/environment/environmental-performance-in-2012-
report-published/> 
Isa, M.H., Ezechi, E.H., Ahmed, Z., Magram, S.F, Kutty, S.R.M., 2014. Boron removal by 
electrocoagulation and recovery. Water research 51, 103-123 
Jacob, M., Demangel, A., Goldszalu, A., Rambeau, O., Jouenne, S., Cordelier, P., 2015. 
Impact of Back Produced Polymer on Tertiary Water Treatment Performances. 
SPE- 174683 
Jacobs, T., 2014. As Scarcity Hits, Water Tech Flows In. SPE-1014-0068  
Jackson, L., Myers, J., 2002. Chevron. Acessed January 2017, < 
www.gwpc.org/sites/default/files/event-sessions/Lorri_Jackson_PWC2002_0.pdf> 
Janson, A., Katebah, M., Santos, A., Minier-Mater, J., Hussian, A., Adham, S., Judd, S., 
2014. Assessing the Biotreatability of Produced Water from a Qatari Gas Field. 
IPTC-17318  
 109 
 
Oilfield Produced Water Treatment with Electrocoagulation 
Jiang, J.Q., Graham, N., André, C., Kelsall, G.H., Brandon, N., 2002. Laboratory study of 
electro-coagulation-flotation for water treatment. Water Research 36, 4064-
4078 
Jiménez, S., Micó, M.M., Arnaldos, M., Ferrero, E., Malfeito, J.J., Medina, F., Contreras, 
S., 2017. Integrated processes for produced water polishing: Enhanced 
flotation/sedimentation combined with advanced oxidation processes. 
Chemosphere 168, 309-317 
Judd, S., Qiblawey, H., Al-Marri, M., Clarkin, C., Watson, S., Ahmed, A., Bach, S., 2014. 
The size and performance of offshore produced water oil-removal technologies 
for reinjection. Separation and purification Technology 134, 241-246 
Kabdaşlı, I., Arslan-Alaton, I., Ölmez-Hancı, T., Tünay, O., 2012. Electrocoagulation 
applications for industrial wastewaters: a critical review. Environmental 
Technology Reviews 1, 2-45. 
Kamaraj., R., Davidson, D.J., Sozhan, G., Vasudevan, S., 2014. Adsorption of 2,4-
dichlorophenoxyacetic acid (2,4-D) from water by in situ generated metal 
hydroxides using sacrificial anodes. Journal of the Taiwan Institute of chemical 
Engineers 45, 2943-2949. 
Karhu, M., Kuokkanen, V., Kuokkanen, T., Rämö, J., 2012. Bench scale 
electrocoagulation studies of bio oil-in-water and synthetic oil-in-water 
emulsions. Separation and Purification Technology 96, 296-305. 
Kausley, S.B., Malhotra, C.P., Pandit, A.B., 2017. Treatment and reuse of shale gas 
wastewater: Electrocoagulation system for enhanced removal of organic 
contamination and scale causing divalent cations. Journal of Water Process 
Engineering 16, 149-162. 
Khandegar, V., Saroha, A.K., 2013. Electrocoagulation for the treatment of textile 
industry effluent e a review. Journal of Environmental Management 128, 949-
963. 
 110 
 
Kimura, M., Matsui, Y., Kondo, K., Ishikawa, T. B., Matsushita, T., Shirasaki, N., 2013. 
Minimizing residual aluminum concentration in treated water by tailoring 
properties of polyaluminum coagulants. Water Research 47, 2075-2084. 
Kobya, M., Ozyonar, F., Demirbas, E., Sik, E., Oncel, M.S., 2015. Arsenic removal from 
groundwater of Sivas-Şarkişla Plain, Turkey by electrocoagulation process: 
Comparing with iron plate and ball electrodes. Journal of Environmental 
Chemical Engineering 3, 1096-1106 
Kose, B. Ozgun, H., Ersahin, M.E., Dizge, N., Koseoglu-Immer, D.Y., Atay, B., Kaya, R., 
Altinbas, M., Sayili, S., Hoshan, P., Atay, D., Eren, E., Kinaci, C., Koyuncu, I., 2012. 
Performance evaluation of a submerged membrane bioreactor for the 
treatment of brackish oil natural gas field produced water. Desalination 285, 
295-300 
Le, H., Chalmers, S., 2015. Australia’ s First Build Own Operate CSG Produced Water 
Treatment and Beneficial Reuse Project. SPE-174991  
Lee, K., & Neff, J., 2011. Produced Water - Environmental risks and advances in 
mitigation technologies. Produced Water. Springer 
Li, Y.S., Yan, L., Xiang, C.B., Hong, L.J., 2006. Treatment of oily wastewater by organic-
inorganic composite tubular ultrafiltration (UF) membranes. Desalination 196, 
76-83 
Lind, C., 1996. Reducing total and dissolved organic carbon: comparing coagulants. 
Environ. Technol., May/June, 54-58. 
Liu, S. Dong, X., Ban, H., Wang, T., Pan, W., Yu, H., Guo, C., Suo, C., 2007. Technology 
for Confecting Polymer Solution with Desalted Produced Water. SPE-110237 
Lu, Y., Zhang, Y., Liu, Z., Zhang, Y., Wang, C., Guo, H., 2014. Corrosion control in CO 2 
/H 2 S-produced water of offshore oil fields. Anti-Corrosion Methods Mater. 61, 
166–171 
 111 
 
Oilfield Produced Water Treatment with Electrocoagulation 
Mamelkina, M.A., Cotillas, S., Lacasa, E., Sáez, C., Tuunila, R., Sillanpä ä, M., Häkkinen, 
A., Rodrigo, M.A., 2017. Removal of Sulfate from mining waters be 
electrocoagulation. Separation and Purification Technology 182, 87-93 
Martínez-Villafane, J.F., Montero-Ocampo, C., 2010. Separation and Purification 
Technology 70, 302-305 
Mechelhoff, M., Kelsall, G.H., Graham, N. J. D., 2013. Super-faradic charge yields for 
aluminium dissolution in neutral aqueous solutions. Chemical Engineering 
Science 95, 353-359.  
Mello Ferreira, A., Marchesiello, M., Thivel, P.X., 2013. Removal of copper, zinc and 
nickel present in natural water containing Ca2+ and HCO3- ions by 
electrocoagulation. Separation and Purification Technology 107, 109- 117 
Millar, G.J., Lin, J., Arshad, A. Couperthwaite, S.J., 2014. Evaluation of 
electrocoagulation for the pre-treatment of coal seam water. Journal of Water 
Process Engineering 4, 166-178 
Miller, J.A., Lawrence, A. W., Hayes, T.D., 1997. Pilot plant treatment of natural gas 
produced waters to meet beneficial use discharge requirements. SPE-37903 
Minier-Matar, J., Hussain, A., Janson, A., Wang, R., Fane, A.G., Adham, S., 2015. 
Application of forward osmosis for reducing volume of produced/Process 
water from oil and gas operations. Desalination 376, 1-8 
Moreira, F.C., Boaventura, R.A.R., Brillas, E., Vilar, V.J.P., 2017. Electrochemical 
advanced oxidation processes: A review on their application to synthetic and 
real wastewater. Applied Catalysis B: Environmental 202, 217-261 
Motta, A., Borges, C., Esquerre, K., Kiperstok, A., 2014. Oil Produced Water treatment 
for oil removal by an integration of coalescer bed and microfiltration 
membrane process. Journal of Membrane Science 469, 371-378 
Moussa, D.T., El-Naas, M.H., Nasser, M., Marri, M.J., 2017. A comprehensive review of 
electrocoagulation for water treatment: Potentials and challenges. Journal of 
Environmental Management 186, 24-41 
 112 
 
Moussavi, G., Shekoohiyan, S., Naddafi, K., 2017. The accelerated enzymatic 
biodegradation and COD removal of petroleum hydrocarbons in the SCR using 
active bacterial biomass capable of in-situ generating peroxidase and 
biosurfactants. Chemical Engineering Journal 308, 1081-1089 
Myers, J.E., 2014. Chevron San Ardo Facility Unit (SAFU) Beneficial Produced Water 
Reuse for Irrigation. SPE-168401 
Muraleedaaran, S., Li, X., Li, L., Lee, R., Is Reverse Osmosis Effective for Produced 
Water Purification? Viability and Economic Analysis. SPE-115952.   
Patil, A., Nanda, J., Waikar, J., 2015. Treatment of Produced Water Using Chelating 
Resins: Laboratory case. SPE-173742. 
Pearce, G.K, 2011. UF/MF Membrane Water Treatment. Principles and Design. 
Water Treatment Academy. 
Pedenaud, P., 2014. Water Injection the FLEX Filtration Solution. SPE Oilf. Water 
Manag. Conf. Exhib. 21–22. SPE-170992 
Ramalho, A.M.Z, Martínez-Huitle, C.A, Silva, D. R., 2010. Application of 
electrochemical technology for removing petroleum hydrocarbons from 
produced water using a DSA-type anode at different flow rates. Fuel 89, 531-
534. 
Rambeau, O., Jacob, M., Rondon, M., Jouenne, S., Cordelier, P., 2014. A tool to tackle 
the Challenges of the Treatment of the Back Produced Viscosified Water. IPTC-
17626 
Rodarte, D., Smith, R.S., 2016. Express Energy Services. Accessed February 2017, < 
https://www.spe.org/en/ogf/ogf-article-detail/?art=205> 
Rosenblum, J.S., Sitterley, K.A., Thurman, E. M., Ferrer, I., Linden, K.G., 2016. 
Hydraulic fracturing wastewater treatment by coagulation-adsorption for 
removal of organic compounds and turbidity. Journal of Environmental 
Chemical Engineering 4, 1978-1984 
 113 
 
Oilfield Produced Water Treatment with Electrocoagulation 
Ryan, D., Gadd, A., Kavanagh, J., Zhou, M., Barton, G., 2008. A comparison of coagulant 
dosing options for the remediation of molasses process water. Sep. Pur. Tech. 
58, 347-352 
Sary, M.A., Chellam, S., 2015. Mechanism of boron removal from hydraulic fracturing 
wastewater by aluminum electrocoagulation. Journal of Colloid and Interace 
Science 458, 103-111. 
Shaffer, D.L., Weber, J.R., Jaramillo, H., Lin, S., Elimelech, M., 2015.Foward Osmosis: 
Where are we now? Desalination 356, 271-284 
Shafer, L., 2011. Water Recycling and Purification in the Pinedale Anticline Field : 
Results From the Anticline Disposal Project. SPE- 141448. 
Shannon, D., 2015. Treating Produced Water With Understanding. SPE-1215-0018-
JPT 
Shuman, T.R., Mason, G., Marsolek, M.D., Lin, Y., Reeve, D., Schacht, A., 2014. An ultra-
low energy method for rapidly pre-concentrating microalgae. Bioresource 
Technology 15, 217-224 
Sirivedhin, T., McCue, J., Dallbauman, L., 2004. Reclaiming produced water for 
beneficial use: salt removal by electrodialysis. Journal Membrane Science 243, 
335-343 
Soltani, S., Mowla, D., Vossoughi, M., Hesampour, M., 2010. Experimental 
investigation of oily water treatment by membrane bioreactor. Desalination 
250, 598-600 
Sörensen, M., Zegenhagen, F., Weckenmann, J., 2015. State of the Art Wastewater 
treatment in Pharmaceutical and Chemical Industry by Advanced Oxidation. 
Pharm. Ind. 77, Nr.4, 594-607 
Spence, M., Hjort, M., & Withinshaw, D., 2017. Environmental Science for European 
Refining (CONCAWE). Accessed July 2018, < https://www.concawe.eu/wp-
content/uploads/2017/11/rpt12-17.pdf> 
 114 
 
Stepan, D.J., Shockey, R.E., Kurz, B.A., Kalenze, N.S., Cowan, R.M., Ziman, J.J., Harju, 
J.A., 2010. Energy & Environmental Research Center. Accessed July 2018, < 
https://undeerc.org/Water/pdf/FracWaterPhaseIreport.pdf> 
Stewart, M., Arnold, K., 2008. Emulsion and Oil Treating Equipment. Elsevier 
Stewart, M., Arnold, K., 2011. Produced Water Treatment Field Manual. Elsevier. 
Thiruvenkatachari, R., Vigneswaran, S., Moon, S., 2008. A review on UV/TiO2 
photocatalytic oxidation process. Korean Journal of Chemical Engineering 25, 
64-72 
Trusmiyadi, Y., Kurniawan, F., Fitria, R., Elias, E., Muhyinsyah, A., 2011. Produced 
Water Treatment Improvements in Facing Indonesian Government Regulation 
on Onshore Disposed Waste Water. SPE 145651 
Ulu, F., Barisci, S., Kobya, M., Sillanpää, M., 2015. An evaluation on different origins 
of natural organic matters using various anodes by electrocoagulation. 
Chemosphere 125, 108-114. 
U.S Environmental Protection Agency (EPA), 2012. Accessed February 2017, < 
https://nepis.epa.gov/Adobe/PDF/P100FS7K.pdf> 
Valero, D., Ortiz. J.M., García, V., Expósito, E., Montiel, V., Aldaz, A., 2011. 
Electrocoagulation of wastewater from almond industry. Chemosphere 84, 
1290-1295 
Vasudevan, S., 2014. An efficient removal of phenol from water by peroxi-
electrocoagulation processes. Journal of water Process Engineering 2, 53-57 
Vázquez, A., Luis Nava, J., Cruz, R., Lázaro, I., Rodríguez, I., 2014. The importance of 
current distribution and cell hydrodynamic analysis for the design of 
electrocoagulation reactors. Journal of Chemical Technology & Biotechnology 
89, 220-229. 
 115 
 
Oilfield Produced Water Treatment with Electrocoagulation 
Visvanathan, C., Svenstruo, P., Ariyamethee, P., 2000. Volume reduction of produced 
water generated from natural gas production process using membrane 
technology. Water Science & Technology 41, 117-123 
Walsh, J.M., 2015. Produced-Water-Treatment Systems: Comparison of North Sea 
and Deepwater gulf of Mexico. SPE-159713-PA 
Walsh, J.M., Frankiewicz, T.C., 2010. Treating Produced Water on deepwater 
Platforms: Developing Effective Practices Based Upon Lessons Learned. SPE-
134505 
Wang, Y., Lin, B., Sha, G., Zhang, Y., Yu, J., Li, L., 2011. A Combination of 
Biodegradation and Microfiltration of Removal of Oil and Suspended Solids 
From Polymer-Containing Produced Water. SPE-140916 
Webb, C., Nagghappan, LNSP, Smart, G., Hoblitzell, J., Franks, R., 2009. Desalination 
of Oilfield-Produced Water at the San Ardo Water Reclamation Facility, CA. SPE-
121520.  
Weschenfelder, S.E., Louvisse, A.M.T., Borges, C.P.,Meabe, E., Izquierdo, J., Campos, 
J.C., 2015. Evaluation of ceramic membranes for oilfield produced water 
treatment aiming reinjection in offshore units. Journal of Petroleum Science 
and Engineering 131, 51-57 
Weschenfelder, S.E., Mello, A.C.C., Borges, C.P., Campos, J.C., 2015. Oilfield produced 
water treatment by ceramic membranes: Bench and pilot scale evaluation. 
Journal of membrane Science 495, 242-251 
Weschenfelder, S.E., Mello, A.C.C., Borges, C.P., Campos, J.C., 2015. Oilfield produced 
water treatment by ceramic membranes: Preliminary process cost estimation. 
Desalination 360, 81-86 
Williams E. D. and Simmons J. E., 2013. Water in the energy industry. 
An introduction, British Petroleum. Accessed January 2018, <www.bp.com> 
 116 
 
Xiong, B., Zydney, A.L., Kumar, M. Fouling of microfiltration membranes by flowback 
and produced waters from the Marcellus shale gas play. Water Research 99, 
162-170 
Zhao, S., Huang, G., Cheng, G., Wang, Y., Fu, H., 2014. Hardness, COD and turbidity 
removals from produced water by electrocoagulation pretreatment prior to 
Reverse Osmosis membranes. Desalination 344, 454-462 
Zhao, S., Matar, J.M., Chou, S., Wang, R., Fane, A.G., Adham, S., 2017. Gas field 
produced water/process water treatment using forward osmosis hollow fiber 
membrane: Membrane fouling and chemical cleaning. Desalination 402, 143-
151 
Zhu, J., Zhao, H., Ni, J., 2007. Fluoride distribution in electrocoagulation 
defluoridation process. Separation and Purification Technology 56, 184- 191. 
Zsirai, T., Al-Jaml, A.K., Qiblawey, H., Al-Marri, M., Ahmed, A., Bach, S., Watson, S., 
Judd, S. 2016. Ceramic membrane filtration of produced water: Impact of 
membrane module. Separation and Purification Technology 165, 214-221. 
 117 
 
Oilfield Produced Water Treatment with Electrocoagulation 
Appendix A 
Table 29. Experimental results for low salinity 
run Oil 
weighted 
for 
difference 
[mg] 
Water 
density 
[g/ml] 
Water 
[g] 
pH T [°C] Turbidity 
[NTU] 
Voltage 
[V] 
Temperature 
(after EC) 
[°C] 
pH 
after 
EC 
Turbidity 
after EC 
[NTU] 
Hexane 
(mL) 
Dilution oil 
factor for 
absorbance 
Absorbance 
(500nm) 
Turbidity 
removal 
[%] 
Oil not 
in 
water* 
[mg] 
Oil-in-
water 
[mg/L] 
TOC 
before  
[mg/L] 
TOC 
after 
EC in 
water 
[mg/L] 
TOC 
removal 
[%] 
Energy 
consumption 
[kWh/m³] 
1 0.4707 1.0082 1186.5  6.06 22.2 50.30 2.2 22.3 7.99 11.31 50.00 11.00 0.058 77.51 0.1196 293.47 248.57 31.90 87.15 0.087 
2 0.4672 1.0082 1177.6  7.48 23.5 48.00 3.3 22.4 8.03 10.59 50.00 11.00 0.107 77.94 0.2219 206.65 175.04 38.70 77.88 0.131 
3 0.4600 1.0082 1159.5  6.04 23.6 37.50 2.9 23.3 8.46 3.46 50.00 11.00 0.109 90.77 0.2260 200.16 169.53 22.60 86.64 0.345 
4 0.4769 1.0082 1202.0  7.5 23.4 71.20 2.9 22.7 8.3 3.81 50.00 13.50 0.058 94.65 0.1468 272.36 230.69 30.80 86.65 0.345 
5 1.1022 1.0082 1111.2  6.08 23.3 104.10 2.2 22.5 7.99 21.50 50.00 26.00 0.094 79.35 0.4603 572.96 485.30 60.50 87.54 0.087 
6 1.1102 1.0082 1119.3  7.63 22.9 142.90 2.0 22.1 8.33 53.70 50.00 26.00 0.094 62.42 0.4603 575.93 487.81 105.90 78.30 0.079 
7 1.1300 1.0082 1139.3  5.98 23.7 88.00 3.3 23.2 8.38 4.02 50.00 26.00 0.110 95.43 0.5391 514.36 435.67 21.50 95.06 0.392 
8 1.1343 1.0082 1143.6  7.58 24.1 111.20 2.9 24.1 8.5 5.01 50.00 26.00 0.111 95.49 0.5441 511.87 433.56 28.30 93.48 0.345 
9 0.7863 1.0082 1133.0  5.49 23.1 76.40 2.5 21.5 8.28 9.04 50.00 26.00 0.102 88.17 0.4997 250.89 212.50 32.00 84.94 0.198 
10 0.7983 1.0082 1149.8  8.61 22.9 120.00 2.3 22.1 8.66 15.69 50.00 13.50 0.124 86.93 0.3158 416.23 352.55 40.40 88.55 0.183 
11 0.7813 1.0082 1125.3  6.83 23.7 101.30 2.0 22.9 7.6 63.30 50.00 13.50 0.143 37.51 0.3644 367.43 311.22 93.10 70.09 0.026 
12 0.7854 1.0082 1131.2  6.54 23.4 90.20 3.0 23.1 8.51 3.41 50.00 13.50 0.127 96.22 0.3235 405.03 343.06 22.40 93.48 0.4381 
13 0.2372 1.0082 1223.9  6.6 23.2 27.20 2.6 23.1 8.04 4.98 50.00 7.25 0.070 81.69 0.0954 114.96 97.37 28.70 70.48 0.206 
14 1.3694 1.0082 1146.2  6.55 23.1 116.60 3.0 22.9 8.23 8.86 50.00 26.00 0.112 92.40 0.5490 709.93 601.31 16.80 97.20 0.238 
15 0.7778 1.0082 1121.4  6.66 23.1 92.10 2.2 22.5 8.1 13.06 50.00 13.50 0.112 85.82 0.2851 435.80 369.13 32.30 91.25 0.174 
16 0.7851 1.0082 1130.9  6.58 23.5 88.30 2.2 22.9 8.16 9.35 50.00 13.50 0.140 89.41 0.3568 375.69 318.21 20.10 93.69 0.174 
17 0.7222 1.0082 1040.2  6.6 23.5 90.10 2.1 22.6 8.14 7.00 50.00 13.50 0.149 92.23 0.3798 326.51 276.55 17.90 93.53 0.167 
18 0.8042 1.0082 1158.3  6.58 23.9 89.90 3.0 23.8 7.97 8.97 50.00 13.50 0.119 90.02 0.3030 429.19 363.53 28.80 92.08 0.238 
Table 30. Experimental results for median salinity 
run Oil 
weighted 
for 
difference 
[mg] 
Water 
density 
[g/ml] 
Water 
[g] 
pH T [°C] Turbidity 
[NTU] 
Voltage 
[V] 
Temperature 
(after EC) 
[°C] 
pH 
after 
EC 
Turbidity 
after EC 
[NTU] 
Hexane 
(mL) 
Dilution oil 
factor for 
absorbance 
Absorbance 
(500nm) 
Turbidity 
removal 
[%] 
Oil not 
in 
water* 
[mg] 
Oil-in-
water 
[mg/L] 
TOC 
before  
[mg/L] 
TOC 
after 
EC in 
water 
[mg/L] 
TOC 
removal 
[%] 
Energy 
consumption 
[kWh/m³] 
1 0.4722 1.0424 1220.03 6.05 22.7 59.70 1.9 22.6 7.6 8.01 55.00 9.00 0.083 86.58 0.1546 249.72 211.52 62.80 70.29 0.0753 
2 0.4584 1.0424 1194.62 8.01 22.7 36.40 2.9 22.4 8.15 8.34 55.00 9.00 0.075 77.09 0.1396 256.01 216.84 13.10 93.96 0.1150 
3 0.4554 1.0424 1186.77 6.09 22.5 31.80 2.7 22.9 8.2 2.91 55.00 11.00 0.153 90.85 0.3496 85.53 72.45 11.40 84.20 0.3211 
4 0.4397 1.0424 1145.89 7.91 23.1 55.20 2.3 22.7 8.5 2.79 55.00 11.00 0.094 94.95 0.2142 188.78 159.90 12.70 92.05 0.2735 
5 1.0947 1.0424 1147.78 5.99 22.7 57.10 2.9 22.3 7.58 15.4 55.00 21.00 0.102 73.03 0.4440 543.87 460.66 40.10 91.29 0.1150 
6 1.1091 1.0424 1156.19 7.96 23.7 122.30 4.0 23.3 8.46 4.81 55.00 21.00 0.119 96.07 0.5656 450.97 381.97 20.60 94.61 0.1586 
7 1.1151 1.0424 1162.38 6.07 22.3 66.80 2.3 22.3 8.33 3.30 55.00 21.00 0.149 95.06 0.6499 383.96 325.21 14.50 95.53 0.2735 
8 1.0938 1.0424 1140.18 7.93 22.5 100.70 2.3 22.8 8.23 3.23 55.00 21.00 0.114 96.79 0.4965 502.51 425.63 13.50 96.83 0.2735 
9 0.7855 1.0424 1169.74 5.44 23 72.60 6.5 23.2 8.49 2.90 55.00 11.00 0.121 96.01 0.2762 417.72 353.81 5.80 98.35 0.5154 
10 0.7806 1.0424 1162.51 8.67 22.9 55.80 3.3 22.7 8.57 3.83 55.00 11.00 0.156 93.14 0.3565 350.00 296.45 15.70 94.71 0.2617 
11 0.7694 1.0424 1145.75 6.85 22.6 92.70 1.4 22.4 7.37 44.40 55.00 11.00 0.177 52.10 0.4047 305.40 258.67 76.50 70.43 0.0185 
12 0.7664 1.0424 1141.28 6.79 22.5 72.60 2.0 22.1 8.22 2.77 55.00 11.00 0.195 96.18 0.4460 269.36 228.14 7.50 96.71 0.2907 
13 0.2141 1.0424 1142.16 6.83 22.8 36.20 2.9 22.7 7.77 3.30 55.00 6.00 0.075 90.88 0.0930 101.66 86.11 9.20 89.37 0.2300 
14 1.3345 1.0424 1154.84 6.83 23 98.70 2.1 22.7 8.04 4.64 55.00 21.00 0.130 95.30 0.5666 637.86 540.27 12.70 97.65 0.1665 
15 0.7651 1.0424 1139.38 6.82 23.3 78.30 2.3 23.4 7.98 4.26 55.00 11.00 0.198 94.56 0.4528 262.91 222.69 15.60 92.99 0.1824 
16 0.7872 1.0424 1172.24 6.84 22.7 82.10 2.1 22.9 7.71 5.00 55.00 11.00 0.135 93.91 0.3097 390.80 331.01 11.40 96.54 0.1665 
17 0.7759 1.0424 1155.54 6.72 24.4 66.70 2.1 23.6 7.84 4.01 55.00 16.00 0.161 93.99 0.5352 199.84 169.26 15.80 90.65 0.1665 
18 0.776 1.0757 1155.58 7.09 22 67.98 2.7 22.5 8.01 4.08 55.00 21.00 0.105 94.00 0.4600 256.52 217.27 1.98 99.09 0.2141 
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Table 31. Experimental results for high salinity 
run Oil 
weighted 
for 
difference 
[mg] 
Water 
density 
[g/ml] 
Water 
[g] 
pH T 
[°C] 
Turbidity 
[NTU] 
Voltage 
[V] 
Temperature 
(after EC) 
[°C] 
pH 
after 
EC 
Turbidity 
after EC 
[NTU] 
Hexane 
(mL) 
Dilution oil 
factor for 
absorbance 
Absorbance 
(500nm) 
Turbidity 
removal 
[%] 
Oil not 
in 
water* 
[mg] 
Oil-in-
water 
[mg/L] 
TOC 
before  
[mg/L] 
TOC 
after 
EC in 
water 
[mg/L] 
TOC 
removal 
[%] 
Energy 
consumption 
[kWh/m³] 
1 0.4401 1.0757 1183.6 6.09 22.7 36.22 2.2 22.4 7.72 3.68 55.00 21.00 0.069 89.85 0.2994 110.4831 93.58 13.61 85.46 0.0872 
2 0.4414 1.0757 1187.08 8.17 22.7 45.95 1.8 22.5 8.54 3.41 55.00 11.00 0.104 92.58 0.2372 159.9492 135.48 16.87 87.55 0.0714 
3 0.45 1.0757 1210.16 6.03 23.3 24.68 1.8 23.2 8.14 2.93 55.00 11.00 0.127 88.14 0.2899 122.9648 104.15 8.62 91.72 0.2141 
4 0.4522 1.0757 1216.11 8.09 22.7 47.63 2.0 23.1 8.41 2.77 55.00 11.00 0.090 94.18 0.2050 188.9427 160.03 14.36 91.03 0.2379 
5 1.1071 1.0757 1190.9 6.07 23.1 47.73 2.0 22.8 7.62 3.01 55.00 28.50 0.098 93.69 0.5788 412.4148 349.32 9.83 97.19 0.0793 
6 1.1038 1.0757 1187.35 8.09 22.8 92.10 1.8 22.5 8.34 4.59 55.00 28.50 0.119 95.02 0.7036 313.3193 265.38 24.17 90.89 0.0714 
7 1.1053 1.0757 1188.99 6.02 22.2 76.52 2.8 22.2 7.67 4.66 55.00 28.50 0.119 93.91 0.7036 314.0599 266.01 16.06 93.96 0.3330 
8 1.1239 1.0757 1208.98 8.16 23.1 81.80 2.8 23.3 8.46 4.26 55.00 21.00 0.146 94.79 0.6367 374.6037 317.29 15.06 95.25 0.3330 
9 0.7724 1.0757 1186.97 5.8 23.1 64.82 1.8 23.1 7.99 2.90 55.00 21.00 0.095 95.53 0.4133 281.2253 238.20 12.84 94.61 0.1427 
10 0.7777 1.0757 1195.09 8.7 23.1 79.97 1.6 23 8.73 6.02 55.00 21.00 0.073 92.47 0.3170 358.4008 303.57 18.67 93.85 0.1269 
11 0.7816 1.0757 1201.16 7 23.1 63.38 1.0 22.9 7.62 28.43 55.00 11.00 0.203 55.14 0.4643 245.5623 207.99 27.53 86.76 0.0132 
12 0.7721 1.0757 1186.51 7.02 22.4 56.14 3.0 22.4 8.18 2.49 55.00 21.00 0.104 95.57 0.4527 250.2107 211.93 13.53 93.62 0.4361 
13 0.2151 1.0757 1184.13 6.99 23.1 26.39 1.7 23.2 8.1 2.81 55.00 9.89 0.063 89.37 0.1286 67.8880 57.50 20.20 64.88 0.1348 
14 1.3345 1.0757 1191.73 6.96 22.5 76.32 2.0 22.8 7.96 3.50 55.00 28.50 0.166 95.41 0.9830 274.1705 232.22 15.64 93.27 0.1586 
15 0.7806 1.0757 1199.56 7.01 23.3 63.88 2.0 23.3 7.94 4.11 55.00 21.00 0.094 93.57 0.4089 288.0233 243.96 20.27 91.69 0.1586 
16 0.7748 1.0757 1191.49 7.04 23.1 81.63 1.6 23.4 7.69 2.83 55.00 21.00 0.094 96.54 0.4089 285.4488 241.78 15.92 93.42 0.1269 
17 0.7746 1.0757 1190.34 7.05 22.3 66.23 3.2 22.6 7.99 3.97 55.00 21.00 0.119 94.01 0.5185 200.0426 169.44 17.28 89.80 0.2537 
18 0.7819 1.0757 1201.59 6.99 22.9 66.13 2.1 23.1 7.98 3.21 55.00 21.00 0.094 95.15 0.4089 288.5400 244.40 21.73 91.11 0.1665 
Table 32. Experimental results for very low salinity 
run Oil 
weighted 
for 
difference 
[mg] 
Water 
density 
[g/ml] 
Water 
[g] 
pH T 
[°C] 
Turbidity 
[NTU] 
Voltage 
[V] 
Temperature 
(after EC) 
[°C] 
pH 
after 
EC 
Turbidity 
after EC 
[NTU] 
Hexane 
(mL) 
Dilution oil 
factor for 
absorbance 
Absorbance 
(500nm) 
Turbidity 
removal 
[%] 
Oil not 
in 
water* 
[mg] 
Oil-in-
water 
[mg/L] 
TOC 
before  
[mg/L] 
TOC 
after 
EC in 
water 
[mg/L] 
TOC 
removal 
[%] 
Energy 
consumption 
[kWh/m³] 
1 0.4341 0.9996 1084.85 5.94 21.8 62.98 2.80 21.7 8.60 23.43 55.00 11.00 0.078 62.79 0.1768 237.2630 200.96 18.06 91.02 0.1110 
2 0.4392 0.9996 1097.6 7.96 21.9 73.96 3.20 21.6 8.59 16.11 55.00 11.00 0.066 78.21 0.1500 263.6237 223.29 19.41 91.31 0.1269 
3 0.4433 0.9996 1107.85 5.97 22.2 48.18 6.20 21.8 8.59 4.22 55.00 11.00 0.110 91.23 0.2509 173.7200 147.14 4.49 96.95 0.7374 
4 0.4482 0.9996 1131.6 7.94 22.1 66.98 6.00 22.3 8.54 3.73 55.00 11.00 0.085 94.43 0.1936 225.1181 190.68 6.94 96.36 0.7136 
5 1.1027 0.9996 1102.2 5.94 22.1 94.37 3.30 21.8 8.54 22.50 55.00 21.00 0.121 76.16 0.5272 522.3314 442.41 22.15 94.99 0.1308 
6 1.1029 0.9996 1102.5 7.74 22.2 104.34 3.60 21.8 8.44 35.57 55.00 21.00 0.177 65.91 0.7725 299.7825 253.92 32.59 87.16 0.1427 
7 1.0996 0.9996 1099.2 6.03 22.2 89.03 5.60 22.2 8.65 3.97 55.00 21.00 0.115 95.54 0.5009 544.8560 461.49 11.13 97.59 0.6660 
8 1.1089 0.9996 1108.2 7.69 22.5 114.73 5.80 21.7 8.81 3.86 55.00 21.00 0.145 96.63 0.6323 430.1960 364.38 9.99 97.26 0.6898 
9 0.7789 0.9996 1112.6 5.27 22.8 54.27 5.60 22.1 8.71 8.02 55.00 21.00 0.116 85.21 0.5053 245.9960 208.36 8.61 95.87 0.4440 
10 0.7764 0.9996 1108.7 8.66 22.4 93.20 5.30 22.0 8.72 8.82 55.00 21.00 0.078 90.53 0.3389 394.8029 334.40 9.02 97.30 0.4202 
11 0.7754 0.9996 1107.25 6.81 21.8 86.44 2.20 21.5 8.04 52.13 55.00 21.00 0.095 39.69 0.4133 327.1348 277.08 30.48 89.00 0.0291 
12 0.7908 0.9996 1129.3 6.81 22 98.45 6.30 22.5 8.55 2.55 55.00 21.00 0.088 97.41 0.3827 361.5529 306.24 6.63 97.83 0.9158 
13 0.2312 0.9996 1182.85 6.83 21.6 25.12 4.20 21.8 8.67 4.51 55.00 11.00 0.051 82.06 0.1155 97.8161 82.85 6.52 92.13 0.3330 
14 1.3316 0.9996 1105.05 6.81 22.1 99.75 5.30 22.2 8.69 10.47 55.00 21.00 0.137 89.50 0.5973 664.7572 563.05 12.91 97.71 0.4202 
15 0.7777 0.9996 1100.7 6.81 22.2 72.92 5.00 22.2 8.69 9.53 55.00 21.00 0.104 86.93 0.4527 295.3403 250.15 12.08 95.17 0.3964 
16 0.7782 0.9996 1111.3 6.89 21.9 103.63 4.30 22.0 8.57 9.64 55.00 21.00 0.071 90.70 0.3082 423.1028 358.37 12.40 96.54 0.3409 
17 0.7739 0.9996 1105.2 6.87 21.8 69.30 4.80 21.9 8.71 9.58 55.00 21.00 0.127 86.18 0.5535 199.5013 168.98 12.56 92.57 0.3806 
18 0.7780 0.9996 1111 6.9 22.2 93.08 4.50 22.2 8.76 10.25 55.00 21.00 0.083 88.98 0.3608 375.7044 318.22 9.63 96.97 0.3568 
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Table 33. Experimental results for real produced water 
Current 
[A] 
Oil 
weighted 
for 
difference 
[mg] 
Water 
density 
[g/ml] 
Water 
[g] 
pH T 
[°C] 
Turbidity 
[NTU] 
Voltage 
[V] 
Temperature 
(after EC) 
[°C] 
pH 
after 
EC 
Turbidity 
after EC 
[NTU] 
Hexane 
(mL) 
Dilution oil 
factor for 
absorbance 
Absorbance 
(500nm) 
Turbidity 
removal 
[%] 
Oil not 
in 
water* 
[mg] 
Oil-in-
water 
[mg/L] 
TOC 
before  
[mg/L] 
TOC 
after 
EC in 
water 
[mg/L] 
TOC 
removal 
[%] 
Energy 
consumption 
[kWh/m³] 
6 0.7698 1.0331 1102.80 5.31 21.9 31.98 1.7 20.8 5.77 28.93 73 21.00 0.152 9.54 0.5648 235.41 225.60 45.74 79.73 0.1348 
6 0.7626 1.0331 1102.05 5.46 21.4 77.27 2.8 21.1 5.65 51.57 62 14.33 0.282 33.26 0.6126 187.25 184.67 46.27 74.95 0.2220 
Table 34. Experimental results for hidrogen carbonate 
Run 
Current 
[A] 
Oil 
weighted 
for 
difference 
[mg] 
Water 
density 
[g/ml] 
Water 
[g] 
pH T [°C] Turbidity 
[NTU] 
Voltage 
[V] 
Temperature 
(after EC) 
[°C] 
pH 
after 
EC 
Turbidity 
after EC 
[NTU] 
Hexane 
(mL) 
Dilution oil 
factor for 
absorbance 
Absorbance 
(500nm) 
Turbidity 
removal 
[%] 
Oil not 
in 
water* 
[mg] 
Oil-in-
water 
[mg/L] 
TOC 
before  
[mg/L] 
TOC 
after 
EC in 
water 
[mg/L] 
TOC 
removal 
[%] 
Energy 
consumption 
[kWh/m³] 
low 6 0.777 1.0082 1119.10 8.23 22.2 77.30 3.4 22.6 8.77 8.52 55 21.00 0.112 88.97% 0.4878 256.33 217.11 24.02 88.94 0.2696 
low 6 0.7624 1.0082 1098.13 8.14 22.7 95.67 3.5 22.9 8.7 9.99 55 21.00 0.074 89.56% 0.3213 398.38 337.43 25.56 92.43 0.2775 
Median 6 0.7785 1.0424 1159.30 7.91 22.7 72.57 3.0 23.1 8.18 7.52 55 21.00 0.094 89.64% 0.4089 305.81 259.02 25.66 90.09 0.2379 
median  6 0.7828 1.0424 1165.70 7.95 22.6 54.70 2.7 22.2 8.29 5.22 55 21.00 0.11 90.45% 0.4790 249.99 211.74 24.32 88.51 0.2141 
high 6 0.7769 1.0757 1193.86 7.62 22.3 72.27 2.3 22.7 8.1 9.02 55 21.00 0.093 87.52% 0.4046 289.93 245.57 23.48 90.44 0.1824 
high 6 0.7761 1.0757 1192.64 7.63 22.3 73.20 1.6 22.7 8.13 9.37 55 21.00 0.096 87.20% 0.4177 279.36 236.62 26.37 88.86 0.1269 
Table 35. Experimental results for boron 
Current pH T 
[°C] 
Initial 
boron 
conc. 
[mg/L] 
Voltage 
[V] 
Temperature 
(after EC) 
[°C] 
pH 
after 
EC 
Boron 
conc. 
[mg/L] 
Boron 
removal [%] 
Average of 
boron 
removal [%] 
Energy 
consumption 
[kWh/m³] 
22 6.74 21.3 37.93 3.2 21.2 7.92 24.79 34.64 43.25 0.93 
22 6.75 21.4 37.93 3.7 21.6 7.92 18.26 51.86  1.08 
11 6.81 21.5 37.93 2.0 21.2 7.92 14.93 60.64 67.23 0.29 
11 6.74 21.6 37.93 2.1 20.8 7.68 9.93 73.82  0.31 
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Appendix B 
Table 36. ANOVA report for the RSM model of TOC removal [%] 
 
Table 37. ANOVA report for the RSM model of turbidity removal [%] 
 
Table 38. ANOVA report for the recalcitrant fraction per current model 
 
 
 
 
  
 TOC removal % Low Salinity TOC removal % Median Salinity TOC removal % High Salinity TOC removal % Very Low Salinity 
 DF SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) 
𝑋1-Oil 1 200.429 200.429 13.7099 0.006019 113.540 113.540 8.0825 0.021712 285.705  285.705  15.4785  0.004331 25.751 25.751 15.6144 0.0042270 
𝑋2-Current 1 276.256 276.256 18.8968 0.002455 271.586 271.586 19.3333 0.002296 24.832   24.832   1.3453  0.279544 73.931 73.931 44.8299 0.0001534 
𝑋3-pH 1 25.500 25.500 1.7443 0.223125 48.303 48.303 3.4385 0.100806 12.972   12.972   0.7028  0.426185 1.230 1.230 0.7456 0.4130101 
𝑋1
2 1 41.983 41.983 2.8718 0.128593 3.854 3.854 0.2744 0.614602 59.757   59.757   3.2374  0.109674 0.124 0.124 0.0751 0.7910459 
𝑋3
2 1 2.867 2.867 0.1961 0.669588 1.079 1.079 0.0768 0.788686 58.138   58.138   3.1497  0.113860    5.074 5.074 3.0768 0.1175033 
𝑋2
2 1 101.927 101.927 6.9721 0.029692 167.238 167.238 11.9051 0.008690 9.324    9.324   0.5051  0.497442    6.388 6.388 3.8735 0.0845900 
𝑋2𝑋3 1 5.365 5.365 0.3670 0.561444 59.291 59.291 4.2207 0.073997 5.730    5.730   0.3104  0.592659    1.952 1.952 1.1836 0.3083055 
𝑋1𝑋2 1 14.137 14.137 0.9670 0.354229 33.260 33.260 2.3677 0.162430 2.879    2.879   0.1560  0.703212   3.803 3.803 2.3058 0.1673746 
𝑋1𝑋3 1 10.023 10.023 0.6856 0.431674 65.071 65.071 4.6322 0.063552 0.590    0.590   0.0320  0.862553    0.710 0.710 0.4305 0.5301399 
Residuals 8 116.954 14.619   112.381 14.048   147.666   18.458         13.193 1.649   
 Low Salinity Median Salinity High Salinity Very Low Salinity 
 DF SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean 
SQ 
Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) 
𝑋1-Oil 1 2.20 2.20 0.0553 0.820023 0.73 0.73 0.0149 0.90593 48.12    48.12   0.6851  0.43184   126.89   126.89    5.9532   0.040570 
𝑋2-Current 1 2314.84 2314.84 58.2958 6.101e-05 1076.97 1076.97 21.9602 0.001569 331.80   331.80   4.7238  0.06149 2638.61  2638.61  123.7925  3.806e-06 
𝑋3-pH 1 24.89 24.89 0.6268 0.451369 16.02 16.02 0.3267 0.583303 2.84     2.84   0.0404  0.84569   36.13    36.13       1.6953   0.229140 
𝑋1
2 1 28.46 28.46 0.7166 0.421857 0.01 0.01 0.0002 0.987888 30.54    30.54   0.4348  0.52818   21.81    21.81        1.0233   0.341362 
𝑋3
2 1 62.57 62.57 1.5756 0.244814 29.78 29.78 0.6072 0.458267 9.88     9.88   0.1407  0.71738   63.73    63.73    2.9898   0.122048     
𝑋2
2 1 600.23 600.23 15.1158 0.004623 598.80 598.80 12.2099 0.008147 423.24   423.24   6.0257  0.03964 496.49   496.49   23.2930   0.001311 
𝑋2𝑋3 1 42.79 42.79 1.0776 0.329596 12.85 12.85 0.2621 0.622526 3.87       3.87 0.0551  0.82028 5.43     5.43        0.2549   0.627265 
𝑋1𝑋2 1 42.71 42.71 1.0756 0.330016 8.04 8.04 0.1640 0.696138 1.98     1.98   0.0281  0.87097   19.65    19.65    0.9219       0.365096 
𝑋1𝑋3 1 100.50 100.50 2.5308 0.150305 76.65 76.65 1.5630 0.246552 66.71    66.71   0.9497  0.35834   40.20    40.20    1.8858   0.206926     
Residuals 8 317.67 39.71   392.34 49.04   561.91    70.24   170.52               21.31   
 Recalcitrant fraction/current- Low salt Recalcitrant fraction/current- Median salt  
 DF SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) 
𝑋3-pH 1 0.0248150    0.0248150   66.912 1.056e-06 0.0199116  0.0199116   51.154 4.918e-06 0.0063472  0.0063472  86.4141  2.29e-07 
𝑋3
2 1 0.0228883  0.0228883   61.717 1.691e-06 0.0230744  0.0230744   59.279 2.133e-06 0.0008212  0.0008212 11.1803  0.004824 
𝑋3
3 1 0.0038345  0.0038345   10.339   0.006226 0.0108090  0.0108090   27.769 0.0001185 0.0000072  0.0000072   0.0983  0.758477 
              
Residuals 14 0.0051920  0.0003709   0.0054495  0.0003892   0.0010283  0.0000735   
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Oilfield Produced Water Treatment with Electrocoagulation 
Table 39. ANOVA report for the RSM model of final pH 
 
 
 Low Salinity Median Salinity High Salinity Very Low Salinity 
 D
F 
SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) SUM SQ Mean SQ Fvalue Pr (>F) 
𝑋2-Current 1 0.58498 0.58498 441.221 2.39E-02 0.61472 0.61472 232.592 0.0004171 0.14322 0.14322 58.408 0.03251 0.118984 0.118984 123.553 0.0042624 
𝑋3-pH 1 0.13094 0.13094 98.762 0.008490 0.22690 0.22690 85.854 0.0126021 120.958 120.958 493.310 1.39E-02 0.000133 0.000133 0.0138 0.9084801 
𝑋3
2 1 0.20437 0.20437 154.145 0.002013 0.78000 0.78000 295.130 0.0001519 0.21216 0.21216 86.527 0.01234 0.022425 0.022425 23.286 0.1529314 
𝑋2
2 1 0.00058 0.00058 0.0441 0.837175 0.00817 0.00817 0.3091 0.5884471 0.00479 0.00479 0.1955 0.66622 0.222272 0.222272 230.806 0.0004304 
𝑋2𝑋3 1 0.02246 0.02246 16.937 0.217547 0.18911 0.18911 71.555 0.0202239 0.03101 0.03101 12.645 0.28279 0.002251 0.002251 0.2338 0.6374356 
Residuals 1
2 0.15910 0.01326 
  
0.31715 0.02643 
  
0.29424 0.02452 
  
0.115563 0.009630 
  
